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T A B L E  O F  C O N T E N T S

ASM Acid sphingomyelinase
BBB Blood-brain barrier
CIS Clinically Isolated Syndrome
CNS Central Nervous System
:;<# :"("4('+2*.$0#=%*3
DMD Disease modifying drug
EAE Experimental allergic encephalomyelitis
EBV Epstein-Barr virus
EC Endothelial cell
EDG Endothelial differentiation gene
GA Glatiramer acetate
><?@# >0*$0#-4(*00$(1#$/*3*/#2('&"*.
GPCR G-protein coupled receptor
hCMEC Human cerebral microvascular endothelial cell
HLA Human leucocyte antigen
ICAM Intercellular adhesion molecule
IFN Interferon
IL Interleukin
IV  Intravenous
MCP Monocyte chemotactic protein
MHCII Major histocompatibility complex class II
MRI Magnetic resonance imaging
MS Multiple Sclerosis
NAWM Normal appearing white matter
PP Primary progressive
ROS Reactive oxygen species
RR Relapsing remitting
S1P Sphingosine 1-phosphate
SP Secondary progressive
TEER Transendothelial electrical resistance
TJ Tight junction
TNF Tumour necrosis factor
TSP Tetraspanin
VCAM Vascular cell adhesion molecule
VLA-4 Very late activating antigen-4
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Chapter 1
Adapted from:
Blood-Brain Barrier Disruption in Multiple Sclerosis
Mark R. Mizee, Ruben van Doorn, Alexandre Prat, and Helga E.de Vries
The Blood-brain Barrier in Health and Disease. Science Publishers, CRC Press 2013
Edited by Dorovini-Zis K.
 !"#$$#%&'!(#%(%)*(+,''-.+/#&!(+#//&*/(&!($0,%&1,*(23,*/'2&2.
Mark R. Mizee, Ruben van Doorn, Alexandre Prat and Helga E. de Vries 
Topics in Medicinal Chemistry: the Blood-Brain Barrier. Springer publishing 2013
Edited by Ott M., Mahringer A., and Fricker G.
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General introduction
1.1 Clinical features and diagnosis
A%0&*20"# +/0"('+*+# BA;C# *+# $# /!('.*/# *.=$99$&'(1# 3*+'(3"(# ')# &!"# /".&($0# ."(8'%+#
+1+&"9#B:D;CE#A;#*+#/!$($/&"(*7"3#41#&!"#2("+"./"#')#)'/$0# *.=$99$&'(1# 0"+*'.+#
scattered throughout the brain. Depending on their stage, lesions are hallmarked by 
*.=$99$&*'.F#3"91"0*.$&*'.F#60*'+*+F#$G'.$0#*.H%(1#$.3#3*))%+"#$G'.$0#3"6"."($&*'.1. 
The exact underlying cause of MS remains unknown however, the most widely 
accepted hypothesis is that MS is an autoimmune disease in which T-cells initiate 
$.# *.=$99$&'(1# ("+2'.+"# &',$(3+# 91"0*.# +%(('%.3*.6# &!"# $G'.+2. According to 
the World Health Organization, globally its median estimated prevalence is 30 per 
100.000 resulting in over two million people affected with MS worldwide with a global 
woman versus men ratio of 2:1. Average age of onset of MS symptoms ranges 
between 25 and 32 years (mean of 29 years) making MS one of the most common 
neurological disorders and causes of disability in young adults3.
Presentation and symptoms of MS are characterized by great variability and 
diversity. In general, the initial symptoms and signs are sensory impairment, optic 
."%(*&*+F#9'&'(#3"-/*&+#B*.+*3*'%+CF#0*94#$&$G*$#$.3I'(#3*)-/%0&1#,*&!#4$0$./"F#3*20'2*$#
$.3I'(#8"(&*6'F#$.3#9'&'(#3"-/*&#B$/%&"C4. The majority of MS patients are subject to 
a relapse with onset of MS. This initial clinical episode of neurological impairment 
is referred to as clinically isolated syndrome (CIS). Usually, these initial symptoms 
disappear but in many patients CIS eventually converts to MS5. Over time, the clinical 
manifestation of MS varies and consensus was reached to describe three clinical 
/'%(+"#3"-.*&*'.+E#J"0$2+*.6#K("9*&&*.6#BJJC#A;F#'.+"&#')#3*+"$+"#*.#$4'%&#LMN#')#
A;#2$&*".&+F#*+#3"+/(*4"3#41#/0"$(01#3"-."3#3*+"$+"#("0$2+"+#,*&!#)%00#("/'8"(1#'(#
,*&!#+"O%"0$"#$.3#("+*3%$0#3"-/*&#%2'.#("/'8"(1P#2"(*'3+#4"&,"".#3*+"$+"#("0$2+"+#
/!$($/&"(*7"3# 41# $# 0$/Q# ')# 3*+"$+"# 2('6("++*'.E# @(*9$(1# K2('6("++*8"# B@@C# A;F#
'.+"&#')#3*+"$+"#*.#$4'%&#RSN#')#A;#2$&*".&+F#*+#3"+/(*4"3#41#3*+"$+"#2('6("++*'.#
from onset with occasional plateaus and temporary minor improvements allowed. 
Finally, secondary-progressive (SP) MS is described by initial RR disease course 
followed by progression with or without occasional relapses, minor remissions, and 
20$&"$%+E#?# )'%(&!#/0*.*/$0#/'%(+"#3"-.*&*'.#/'./"(.*.6# ("0$2+*.6T2('6("++*8"# BJ@C#
MS, describing a combination of relapse and progression, was not reached6.
The international Panel on the Diagnosis of Multiple Sclerosis announced 
new diagnostic criteria for MS in 2001. These criteria, the McDonald Criteria, were 
widely adopted by neurologists, providing them a diagnostic scheme for reliable 
diagnosis of MS7. Diagnosis of MS is primarily based on clinical grounds comprising 
neurological exams and clinical history. If a diagnosis can not be made based on 
clinical presentation alone then radiological and laboratory assessments such as 
9$6."&*/#("+'.$./"#*9$6*.6#BAJUC#$.3#/"("4('+2*.$0#=%*3#B:;<C#$.$01+*+#9$1#4"#
essential for diagnosing MS. MRI analysis detects MS lesions in brain and in spinal 
cord and can therefore provide evidence of dissemination of MS lesions in both time 
and space, two potential criteria for diagnosis of MS. CSF analysis may provide 
supportive evidence in the form of the presence of oligoclonal bands.
M U L T I P L E  S C L E R O S I S
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1.2 Aetiology
So far, the precise aetiology of MS remains unknown which is partly due to the 
complexity and heterogeneity of the disease. Epidemiological studies indicate that 
both environmental and genetic factors may contribute to development of MS8. It 
is suggested that development of MS must commence in genetically susceptible 
persons upon exposure to environmental factors9.
<$9*01# +&%3*"+# !$8"# ("8"$0"3# &!$&# -(+&# 3"6(""# ("0$&*8"+# ')# A;# 2$&*".&+#
are more likely to develop MS compared to non-related persons. In addition, it is 
demonstrated that this increased risk correlates with degree of kinship and sex of 
kinship10, 11. Furthermore, supporting a genetic component in MS susceptibility, twin 
studies showed a higher concordance rate of MS in monozygotic twins compared 
to dizygotic twins (± 4x)12,13, 14. Concerning genetic associations, certain human 
leucocyte antigen (HLA) alleles are associated with susceptibility to MS. The allele 
with the strongest association with MS is HLA-DRB1*15 (HLA-DR2) showing 
consistency of effect across several western European and Scandinavian countries 
and the Unites States. In addition, various genes coding for cytokines (IL7, IL12A, 
IL12B), cytokine receptors (CXCR5, IL2RA, IL7R, TNFRSF1A, IL12), adhesion 
molecules (VCAM1), and co-stimulatory molecules (CD37, CD40, CD80, CD86) are 
associated with pathogenesis of MS15.
As described above, environmental risk factors for MS are described 
which are diverse of character. Several infectious agents such as varicella zoster 
virus, herpes viruses, and chlamydia are described as environmental risk factors 
!',"8"(F#/%((".&#+/*".&*-/# *.&"("+&# *+#/'.)"(("3# &'# &!"#V2+&"*.T#W$((#8*(%+# BVWXC16-
25. Involvement of EBV in MS pathology may be explained by its aptitude to elicit 
a persistent infection in the CNS inducing an immune response that contributes to 
pathology directly or through autoimmunity. Although literature about involvement of 
EBV in MS pathology is expanding, consensus about its complicity is not reached 
3%"#&'#9$H'(#/'.&('8"(+*"+#/'./"(.*.6#+".+*&*8*&1#$.3#+2"/*-/*&1#')#3"&"/&*'.#9"&!'3+#
of the virus in the CNS26. Two important risk factors amongst the non-infectious 
environmental risk factors for MS are latitude and vitamin D. Populations living 
at higher latitude show an increased prevalence of MS compared to populations 
0*8*.6#."$(#&!"#"O%$&'(E# !*+#-.3*.6#*+#9'+&#0*Q"01#$++'/*$&"3#&'#$3"O%$&"#8*&$9*.#Y#
serum levels in those populations living in closer proximity of the equator due to sun 
exposure. Interestingly, studies show that populations living at high latitude but with 
rich vitamin D food intake also show  reduced MS prevalence27, 28.
1.3 Pathology
A distinct feature of MS pathology is the formation of demyelinated lesions, or 
20$O%"+F# *.# &!"#:D;E# <'%(# 2$&&"(.+# ')# 3"91"0*.$&*'.#,"("# *3".&*-"3# 41# +1+&"9*/#
$.$01+*+#')#A;#20$O%"+P# T/"00#$.3#9$/('2!$6"T9"3*$&"3#3"91"0*.$&*'.F#$.&*4'31#
and complement-mediated demyelination, oligodendrocyte dystrophy, and primary 
oligodendrocyte degeneration. These different demyelination mechanisms may 
precede in the different MS subgroups described previously29. To improve method of 
&("$&9".&#$.3#*./("$+"#Q.',0"36"#')#&!"#3*+"$+"F#A;#0"+*'.+#$("#/0$++*-"3E#;"8"($0#
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+1+&"9+#$//'(3*.6#&'#/(*&"(*$#')#3*))"(".&#2$&!'0'6*+&+#$("#%+"3#&'#+&$6"#A;#0"+*'.+P#
 !"# WZI ($22# +1+&"9F#  !"# Y"# >(''&T8$.# 3"(# X$0Q# 9'3*-/$&*'.F#  !"# [$++9$..I
Brück system, and the Vienna consensus30. Although demyelination is of major 
importance for development of clinical symptoms, staging of MS lesions also include 
lesions without unambiguous detectable demyelination. An important feature of the 
De Groot- van der Valk staging system is the preactive lesion, this stage is of interest 
since it may imply early lesion development. 
?//'(3*.6#&'#Y"#>(''&T#8$.#3"(#X$0Q#+&$6*.6F#A;#0"+*'.+#/$.#4"#/0$++*-"3#
as preactive, active demyelinating, active but not demyelinating, chronic active, 
and chronic inactive lesions31. Preactive lesions may be located near existing 
demyelinated plaques and in ‘healthy’ white matter areas. The lesions do not show 
demyelination but are characterized by modest white matter abnormalities including 
clusters of activated microglial cells and some perivascular leukocytes. In contrast 
to preactive lesions, active demyelinating lesions are characterized by loss of myelin 
and presence of abundant macrophages containing myelin degradation products. In 
$33*&*'.F#2$("./!19$0#$.3#2"(*8$+/%0$(#*.-0&($&"+#')#9$/('2!$6"+#$.3#0192!'/1&"+#
are observed as well as randomly distributed reactive astrocytes. A chronic active MS 
lesion is a demyelinated lesion containing a hypocellular centre and a hypercellular 
rim of hypertrophic astrocytes, microglia, and macrophages32. Finally, chronic 
inactive lesions are demyelinated and hypocellular with only moderate expression 
of major histocompatability complex class II (MHCII) expression and few CD68+ oil-
red-O+ macrophages present33.
Complementary to demyelination axonal damage is known to be of great 
importance in MS pathology. Early axonal damage is found at areas of acute 
3"91"0*.$&*'.#$.3#*.=$99$&*'.34,35. In paralyzed MS patients it is shown that axonal 
loss is a major cause of the irreversible neurological disability36. The irreversible 
.$&%("#')#$G'.$0#3$9$6"#$.3# *&+#$++'/*$&*'.#,*&!# *.=$99$&*'.#+%66"+&# &!$&#$.&*T
*.=$99$&'(1# &("$&9".&# +!'%03# 4"# %&*0*7"3# "$(01# $.3# &!$&# )%&%("# &!"($2*"+# +!'%03#
include a neuroprotective component to prevent neurological deterioration.
1.4 Treatment
Despite many advances in both molecular and clinical MS research, MS still remains 
incurable. Nevertheless, various therapies for treatment of MS are available and 
more therapies will most likely become available within the next one or two years 
since they currently reside in phase III clinical studies or are under review by 
regulatory agencies. Current MS therapies are limited to reduction of relapse rates, 
slowing down disease progression, accelerate recovery of relapses, and treatment 
of symptoms. Currently, the Dutch guideline agency, Centraal BegeleidingsOrgaan 
(CBO), is updating its guideline “Diagnostiek, Behandeling en Functioneren bij 
Multiple Sclerose”. A concept version of the guideline is available and a.o. provides a 
stepwise recommendation for pharmacological intervention. For treatment of active 
RRMS and Clinically Isolated Syndrome (CIS) the guideline recommends treatment 
,*&!#*.&"()"('.T4"&$#BU<DCT\TR$#'(#TR4#'(#60$&*($9"(#$/"&$&"#B>?C#%.0"++#/0*.*/$0#$.3#
($3*'0'6*/$0# )'00',# %2# +!',+# .'# 3*+"$+"# $/&*8*&1E# U.# /$+"# ')# *.+%)-/*".&# ("+2'.+"#
towards these drugs, Natalizumab (Tysabri) is suggested as an appropriate alternative. 
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U.+%)-/*".&# ("+2'.+"# *+#3"+/(*4"3#$+#!$8*.6#$&# 0"$+&#'."#/0*.*/$0#"G$/"(4$&*'.# &!"#
previous year and having at least one enhanced lesion or an increase in T2 lesions 
'.# $# ("/".&# AJU# +/$.E# U.# /$+"# ')# *.+%)-/*".&# ("+2'.+"# &'# &!"# 3(%6+# 9".&*'."3#
above one can consider mitoxantrone or intravenous immunoglobulin (IV Ig). For 
treatment of relapses IV treatment with methylprednisolone, a glucocorticoid, is 
recommended for 3 to 5 days. The guideline does mention new oral drugs such as 
>*0".1$#B<*.6'0*9'3P#< ]T^_S@F#$#+2!*.6'+*."#TR#2!'+2!$&"#$.$0'6%"CF# &!"*(#-.$0#
positioning still has to take place and applicability is determined by long term safety 
data. 
Generally, MS medication can be subdivided in immunomodulatory drugs 
$.3# *99%.'+%22("++*8"#3(%6+#,*&!# U<DT\F#$.# *99%.'9'3%0$&'(1#3(%6F#4"*.6# &!"#
-(+&# 3*+"$+"#9'3*)1*.6# 3(%6# BYAYC# '.# &!"#9$(Q"&# )'(# &("$&9".&# ')#A;E# U.#9$.1#
/'%.&(*"+#&!"#/1&'Q*."#U<DT\#*+#+&*00#("6$(3"3#$+#$#-(+&#0*."#9"3*/$&*'.#*.#&("$&9".&#')#
A;E# !"#"G$/&#9"/!$.*+9#41#,!*/!#U<DT\#("3%/"+#A;#2$&!'0'61#*+#.'&#)%001#Q.',.#
4%&#U<DT\#9$1#$0&"(#$.&*6".#2("+".&$&*'.F#2'2%0$&*'.+#'(#)%./&*'.#')#*99%."#/"00+F#
$.3# $))"/&# /1&'Q*."# $.3# /!"9'Q*."# 2('-0"+37. In the Netherlands, three different 
)'(9%0$&*'.+#')#U<DT\#$("#$8$*0$40"P#&,'#)'(9+#')#U<DT\TR?#B?8'."G®F#W*'6".#U3"/P#
Rebif®F#;"('.'C#$.3#'."# )'(9#')# U<DT\TRW# BW"&$)"('.®F#W$1"(CE#V)-/$/1#')# U<DT\#
was demonstrated in a multicenter, randomized, double-blind, placebo-controlled 
&(*$0#*.#,!*/!#$#+*6.*-/$.&#3"/("$+"#*.#("0$2+"#($&"+#,$+#("2'(&"3#$.3#9'("#2$&*".&+#
in the treated group remained exacerbation free compared to the placebo group38. 
U.#$33*&*'.F#$#+&%31# *.#:U;#2$&*".&+#3"9'.+&($&"3# &!$&# U<DT\#+*6.*-/$.&01#3"0$1"3#
&!"#/'.8"(+*'.#)('9#:U;#&'&#/0*.*/$001#3"-.*&"#A;#+%66"+&*.6#&!$&#:U;#2$&*".&+#9$1#
4"."-&#)('9#"$(01#U<DT\#&("$&9".&39.
 !"#+"/'.3#3(%6#("6$(3"3#$+#$#-(+&#0*."#9"3*/$&*'.#)'(#&("$&9".&#')#A;#*+#
GA which consists of a heterogeneous mix of synthetic polypeptides and proteins. 
 !"#2'012"2&*3"+# $.3# 2('&"*.+# $("# /'92'+"3# ')# +"O%"./"+# ')# )'%(# $9*.'# $/*3+P#
L-lysine, L-alanine, L-glutamic acid, and L-tyrosine. GA is marketed under the name 
Copaxone®# B@!$(9$/!"9*"#48CE#[*Q"# U<DT\F#>?# *+#$# *99%.'9'3%0$&'(1#3(%6F# *&+#
mechanism of action includes: competition with myelin basic protein (MBP) regarding 
MHC binding and subsequent presentation to CD4+ T cells, reduced expansion of 
AW@#+2"/*-/# T!"02"(#B !CR#/"00+F#6"."($&*'.#')#>?#+2"/*-/# !_#/"00+F#$.3#2('&"/&*8"#
effect on cells of the CNS40E#U.#/'./'(3$./"#,*&!#U<DT\#3$&$F#>?#+&%3*"+#3"9'.+&($&"3#
$#+*6.*-/$.&# ("3%/&*'.# *.# ("0$2+"# ($&"+#$.3#.%94"(#')#".!$./*.6# 0"+*'.+#$.3# 0*Q"#
U<DT\F#>?#3"0$1+#/'.8"(+*'.#)('9#:U;#&'#/0*.*/$0#3"-.*&"#A;41-43.
Additional DMDs often used in treatment of MS are Natalizumab, 
Mitoxantrone, IVIg and methylprednisolone. Natalizumab (Tysabri®, Biogen) is a 
monoclonal antibody directed against the integrin very late activating antigen-4 (VLA-
4). VLA-4 is expressed by lymphocytes and monocytes but only upon activation of 
these immune cells will VLA-4 bind to its endothelial counter receptor vascular cell 
adhesion molecule (VCAM)-1 with high avidity44. Binding of VLA-4 to VCAM-1 is 
"++".&*$0#)'(#-(9#$3!"+*'.#')#*99%."#/"00+#&'#4($*.#".3'&!"0*$0#/"00+45. In addition, 
underlying signalling events initiated by binding of VLA-4 to VCAM-1 contribute to 
migration of immune cells through the BBB into the CNS46. Therefore, Natalizumab 
inhibits migration of immune cells into the CNS which in clinical trails is translated 
into reduced relapse rates and reduced risk of sustained progression of disability47. 
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Mitoxantrone is a compound that binds to DNA and causes cross linking and strand 
breakage. In addition, it inhibits topoisomerase II, a DNA repair enzyme, resulting 
in reduced lymphocyte proliferation48. Clinical trail data demonstrates reduced 
progression of disability and clinical exacerbations in patients with worsening RRMS 
or SPMS49. Finally, during relapses corticosteroids are widely used due to their 
characteristic to reduce the duration of relapses and to accelerate relapse recovery50, 
51. In addition, it is demonstrated that treatment with corticosteroids during acute 
optic neuritis reduces the rate of development of MS52. Corticosteroids elicit a broad 
range of actions on many different cell types. Therefore, their exact mechanism of 
action is not fully understood but most likely is an accumulation of all the individual 
actions of the compound. Some actions of corticosteroids that may contribute to 
&!"# '4+"(8"3# ("+%0&+# *.# /0*.*/$0# &(*$0+# /'./"(.*.6# ."%('*.=$99$&*'.# $("# ("3%/"3#
2('3%/&*'.#')#2('*.=$99$&'(1#/1&'Q*."+#0',"("3#"G2("++*'.#')#$3!"+*'.#9'0"/%0"+F#
and induction of the apoptosis of T-cells53-57.
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The vasculature of the brain is specialized to function as a barrier to protect the 
CNS by restricting entry of unwanted molecules and immune cells into the brain, by 
active removal of cytotoxic compounds from the brain, and by supplying the brain 
,*&!#"++".&*$0#.%&(*".&+#$.3#'G16".#&!('%6!#+2"/*-/#&($.+2'(&#9"/!$.*+9+#B<*6#RCE#
Therefore, the blood-brain barrier (BBB) is not static, but reacts dynamically to the 
local demands of neurons for their need of oxygen, glucose and other nutrients. The 
BBB limits both transcellular and paracellular passage of cells and molecules into the 
CNS. Transcellular passage of hydrophilic molecules is limited due to a low rate of 
&($.+/1&'&*/#8"+*/0"+F#$.#"G&("9"01#0',#2*.'/1&'&*/#$/&*8*&1F#"G2("++*'.#')#$/&*8"#")=%G#
membrane pumps of the ATP-binding cassette (ABC) family such as P-glycoprotein, 
and high metabolic activity (cytosolic enzymes and transporters). Paracellular 
3*))%+*'.# ')# !13('2!*0*/#9'0"/%0"+# $.3# &($)-/Q*.6# ')# *99%."# /"00+# *+# ("+&(*/&"3# 41#
a network of complex tight junctions (TJs)58-61E# ;"8"($0# ."%('*.=$99$&'(1# $.3#
neurodegenerative diseases like multiple sclerosis (MS), HIV associated dementia, 
capillary cerebral amyloid angiopathy (capCAA) and Parkinson’s disease are 
associated with an impaired function of the BBB. Especially in MS, an altered BBB 
function leads to enhanced entry of immune cells and unwanted compounds into the 
CNS62.
Figure 1.  Schematic view of cellular components of the BBB. Highly specialized endothelial cells are 
surrounded by the basal lamina, pericytes, and astrocytic perivascular endfeet. Together with neurons and 
microglia these cells comprise the neurovascular unit that closely regulates brain homeostasis (Adopted 
from Abbott et al., Nature Reviews Neuroscience, 2006)
B L O O D - B R A I N  B A R R I E R
Astrocyte 
Capillary 
Brain tissue 
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2.1 Structure of the BBB 
The BBB is composed of highly specialized endothelial cells (ECs) that line the vessel 
,$00E# !"+"#V:+#)'(9#$#&*6!&#4$((*"(#41#"G2("++*'.#')# `#2('&"*.+#$.3#9"94($."#")=%G#
pumps. ECs are enclosed together with pericytes within the basement membrane 
'.&'# ,!*/!# $+&('/1&"+# -(901# 2('H"/&# &!"*(# ".3)""&# B<*6# RCE#  '6"&!"(# ,*&!# ."%('.+#
and microglia these cellular components make up the so-called neurovascular unit, 
which ensures optimal protection of the CNS from harmful compounds and closely 
regulating its homeostasis. 
Adjacent ECs express continuous rows of transmembrane proteins that 
contact in the intercellular space and form TJs63 (Fig 2). Claudins and occludin 
are the most important membranous components of TJs, but the participation of 
junctional adhesion molecules (JAMs) and adherens junctions (Cadherins) are 
important as well64E#a//0%3*.#,$+#&!"#-(+&#*3".&*-"3# `#2('&"*.F#*&#*+#$#2!'+2!'2('&"*.#
of about 65 kDa, has two extracellular loops, four transmembrane domains and two 
cytoplasmic termini. The N-terminal cytoplasmic domain is involved in transepithelial 
migration of neutrophils65, 66. The C-terminal cytoplasmic domain is associated with 
ZO-1 and ZO-2 which link occludin to the cytoskeleton. Claudins make up a family 
of proteins that consist of at least 23 closely related members. As described earlier, 
claudins are differently distributed among tissue types. Nitta et al. demonstrated that 
TJs in the BBB are primarily composed of claudin-12 and claudin-5 and Liebner et 
al. demonstrated that claudin-1 is present as well. Claudins range in size from 20 
to 25 kDa, contain four membrane-spanning domains, and have two extracellular 
loops67, 68. Both termini are cytoplasmatic, the COOH-terminal region contains a 
post synaptic density protein, Drosophila disc large tumor suppressor, and zonula 
occludens-1 protein (PDZ)-binding motif, is phosphorylated, and has been implicated 
in signal transduction69. The PDZ-binding motifs of claudins are able to interact with 
the PDZ-domains of ZO-1, ZO-2, and ZO-3. These proteins, which belong to a family 
')#9"94($."#$++'/*$&"3#6%$.10$&"#Q*.$+"+#BA?>bcCF#4*.3#&'#$/&*.#-0$9".&+#$.3#
thereby connect tight junction proteins to the cytoskeleton70. TJs in brain endothelium 
Figure 2. Schematic overview of junction morphology. Both tight junctions and adherens junctions 
sela the paracellular space between brain endothelial cells. Tight junctions are located at the apical side of 
brain endothelial cells and adherens junctions on the basolateral side. Tight junction and adherens junction 
proteins are coupled to the cytoskeleton through zona occludens proteins and catenins respectively.
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differ from TJs in non-neuronal tissues by expression of different TJ proteins. Only 
the presence of claudins 1, 5, and 12 have been demonstrated in brain endothelium71, 
72. in addition, TJs in brain capillary ECs differ from TJs in peripheral ECs by different 
expression levels of the various TJ proteins. For example, the expression of occludin 
is much higher in brain endothelial cells73.
Astrocytes play an important role in BBB regulation since they are capable 
of regulating barrier function through several mechanisms. First, it is reported that 
astrocytes contribute to barrier formation by increasing tight junction formation74. 
Second, astrocytes mediate expression, functionality and polarized localization 
of transport proteins in endothelial cells74-76. Finally, astrocytes can increase 
functionality and expression of enzyme systems in endothelial cells most likely 
through the secretion of soluble mediators77-79. In addition, astrocytes are equipped 
with an elaborate antioxidant enzyme system enabling them to scavenge reactive 
oxygen species (ROS) thereby preventing formation of lipid peroxidation products 
which are potent barrier disrupting molecules80. 
2.2 The BBB in MS
Regulation of the BBB not just depends on the differential expression of TJ-proteins. In 
both physiological and pathophysiological situations, TJ status depends on signalling 
events as well. Normally, the paracellular permeability between ECs is regulated 
by equilibrium between adhesion forces and contractile forces. Adhesion forces 
are generated by adhesion sites between the ECs and by ECs and its surrounding 
matrix and contractile forces are generated by the cytoskeleton of ECs. Disruption 
of this equilibrium results in an altered paracellular permeability81. An impaired BBB 
is established as an early event in MS. Even before clinical symptoms arise, MRI 
scans of animals with experimental allergic encephalomyelitis (EAE), an validated 
$.*9$0#9'3"0#)'(#&!"#*.=$99$&'(1#2!$+"#')#A;F#+!',#0"$Q$6"#')#&!"#WWW#4")'("#
9'.'/1&"+#*.-0&($&"82. However, before leucocytes adhere and transmigrate through 
&!"#WWWF#&!"#/"("4($0#".3'&!"0*%9#9%+&#4"#$/&*8$&"3#41#*.=$99$&'(1#9"3*$&'(+#&'#
express cell adhesion molecules (CAM) with which leukocytes interact. 
 %9'%(# ."/('+*+# )$/&'(# d# B D<TdC# $.3# 9$/('2!$6"# /!"9'$&&($/&$.&#
2('&"*.TR# BA:@TRC# $("# &,'# "G$920"+# ')# .%9"('%+# 2('*.=$99$&'(1# # 9'0"/%0"+#
which can cause upregulation of endothelial CAMs such as E-selectin, P-selectin, 
vascular cell adhesion molecule-1 (VCAM-1), and intracellular adhesion molecule-1 
(ICAM-1) 83. While it remains unclear what triggers initial vascular activation in MS, 
("$/&*8"# $+&('/1&"+# $("# 2'&".&# /'.&(*4%&'(+# &'# ".3'&!"0*$0# *.=$99$&*'.# +*./"# &!"1#
+"/("&"# 2('*.=$99$&'(1# /1&'Q*."+# $.3# /!"9'Q*."+# +%/!# $+#  D<TdF# *.&"(0"%Q*.#
BU[CR\F#U[eF#U[R_#$.3#A:@TR#3%(*.6#&!"#3*+"$+"#2('/"++#84-86. Through secretion of 
2('T*.=$99$&'(1#9'0"/%0"+F#$+&('/1&"+#.'&#'.01#/'.&(*4%&"#&'#3*("/&#3*+(%2&*'.#')#&!"#
BBB, but also facilitate upregulation of CAMs thereby promoting recruitment and 
adhesion of leucocytes to ECs.  
U.=$99$&*'.#3(*8".#&*++%"#3$9$6"#*.#&!"#:D;#')#A;#2$&*".&+#*+#3(*8".#41#4'&!#
autoreactive, antigenic CD4 T cells and CD8 T cells87-94. In addition, IL17 producing 
memory CD4 T cells are found in close proximity of active MS lesions where IL17 
gene expression is upregulated95, 96E#a)#&!"#$.&*6".#2("+".&*.6#/"00+#B?@:+CF#*.-0&($&"3#
21
General introduction
monocyte-derived macrophages are thought to possess a crucial role in orchestrating 
processes such as demyelination and axonal damage97-101. Before entering the CNS, 
leukocytes have to transmigrate through the specialized ECs of the BBB. Monocytes, 
the effector cells within MS since they induce demyelination and axonal damage, 
are attracted to the MS lesions in high numbers. Within the process of monocyte 
&($)-/Q*.6#$/('++#&!"#WWWF#*&#!$+#4"".#3"9'.+&($&"3#&!$&#("$/&*8"#'G16".#+2"/*"+#
BJa;C#20$1#$#3'9*.$.&#('0"E#Ja;#$("F#2('3%/"3#41#9'.'/1&"+#%2'.#-(9#$3!"+*'.#&'#
ECs and subsequently enhance migration and adhesion of monocytes102. Treatment 
,*&!#')#V?V#$.*9$0+#,*&!#$.&*'G*3$.&+#+%/!#$+#=$8'.'*3+#$.3#0*2'*/#$/*3#+%22("++"3#
&!"#3"8"0'29".&#')#$/V?V#41#0',"(*.6#&!"#".&(1#')#*.=$99$&'(1#/"00+#*.&'#&!"#:D;E#
f*+&'0'6*/$0#"G$9*.$&*'.#3"9'.+&($&"3#$#("3%/"3#.%94"(#')# *.-0&($&"3# T/"00+#$.3#
macrophages, suggesting a role for ROS in BBB permeability103, 104. Moreover, it was 
shown that O
2
- is the predominant ROS treatment which induces BBB disruption by 
inducing TJ rearrangements and cytoskeletal changes, allowing cell migration105.
In addition to the family of cell adhesion molecules (CAMs) members of another 
class of cell surface molecules are involved in the transendothelial migration process. 
The transmemebrane 4 superfamily (TM4SF), or tetraspanins, are small membrane 
proteins differentially expressed by all mammalian cells. The size of tetraspanins 
ranges from 204 to 355 amino acids and they contain four transmembrane domains, 
&!"#-(+&#')#&!"#&,'#("+%0&*.6#"G&($/"00%0$(#0''2+#*+#+!'(&#,!*0"#&!"#+"/'.3#0''2#*+#0'.6106. 
This long, second loop in combination with the four transmembrane domains are 
important in promoting associations of the tetraspanin with additional proteins such 
$+P# '&!"(# &"&($+2$.*.+F# *.&"6(*.+F# :?A+F# $.3# *.&($/"00%0$(# +*6.$00*.6# 9'0"/%0"+107. 
Resulting structures are referred to as tetraspanin-enriched microdomains (TEMs) 
and they operate as molecular organizers for other transmembrane proteins108. 
The biological function of tetraspanins depends on the ability of the tetraspanin 
&'# '(6$.*7"#  VA+E# W*'0'6*/$0# )%./&*'.+# $++'/*$&"3# ,*&!# &"&($+2$..*.+# *./0%3"P#
adhesion, proliferation, differentiation, and motility of many different cell types109-111. 
Of the more than 30 mammalian tetraspanins, three are associated with intercellular 
junctions in endothelial cells112. Moreover, these tetraspanins, CD9, CD81, and 
CD151, also localize to docking structures on endothelial cells which are formed at 
sites of leukocyte adhesion113E#A'("#+2"/*-/F#2("+"./"#')#9*/('3'9$*.+#/'.&$*.*.6#
tetraspanins and adhesion receptors were present on activated endothelial cells 
even before leukocytes adhered and studies demonstrated that CD81 and CD9 play 
a role in the transendothelial migration of immune cells114, 115.
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In recent years, increasing evidence suggests that sphingomyelin metabolism plays a 
role in the pathology of MS. In general, sphingomyelin is the major sphingolipid present 
in cell membranes, where it serves as a building block for biological membranes and 
it plays an important role in membrane function116-118. Moreover, sphingomyelin is the 
predominant source for bioactive sphingomyelin metabolites, such as ceramide and 
sphingosine 1-phosphate (S1P) (Fig. 3). Evidence is now emerging that alterations in 
+2!*.6'0*2*3#9"&$4'0*+9F#0"$3*.6#&'#".!$./"3#2('*.=$99$&'(1#/"($9*3"#2('3%/&*'.F#
occur in several neurological disorders, such as hereditary sensoric neuropathy type 
I, Batten’s syndrome, Wilson’s disease, and Alzheimer’s disease119-125. Importantly, 
*.=$99$&'(1# 9"3*$&'(+F# *./0%3*.6# &%9'(#  D<TdF# Ja;F# $.3# U[TR\# *.3%/"# &!"#
production of ceramide through activation of sphingomyelinases (SMases), which 
*.#&%(.#$920*-"+#&!"#*.=$99$&'(1#/$+/$3"#"*&!"(#41#3*("/&#$/&*8$&*'.#')#3',.+&("$9#
targets or by affecting membrane organization126-128. 
3.1 Sphingolipid structure, function, and metabolism
;*920*-"3F#4*'0'6*/$0#9"94($."+#2(*9$(*01#/'.+*+&#')#+2!*.6'0*2*3+F#/!'0"+&"('0F#$.3#
other (glycero) phospholipids129. Sphingolipids were originally discovered as lipid-
rich substances from normal tissues that in patients with lipid storage disorders 
such as Tay-Sachs disease accumulated in tissues. Sphingolipids are a class of 
membrane lipids derived from the aliphatic amino alcohol sphingosine and display a 
great structural diversity and complexity130. Sphingolipids are not distributed equally 
among cellular membranes. Secretory organelles which originate from the Golgi 
and endocytotic organelles for example, have a 10-fold increase in sphingolipid and 
cholesterol composition compared to the Golgi and endoplasmic reticulum (ER). 
In addition, the apical surface of epithelial cells may be enriched in sphingolipids 
compared to the basolateral surface, and this enrichment is maintained by TJs 
between adjacent cells131.
Sphingolipids differ in sphingosine acetylation status and in substituents 
on the head group. Acetylated sphingosine at the 2-amino position with a fatty 
acid moiety results in ceramide, if the hydrogen molecule on the ceramide head 
group is exchanged with phosphocholine it results in sphingomyelin. In addition, 
if the hydrogen molecule on the ceramide head group is exchanged with sugar(s) 
it results in glycosphingolipids. Sphingomyelin is the most prevailing element of 
the sphingolipid fraction in cell membranes132. Sphingolipids form a frozen, solid 
membrane but interactions between the sterol ring system of cholesterol and the 
ceramide moiety of sphingomeylin results in lateral association of cholesterol and 
+2!*.6'91"0*.#$.3#+%4+"O%".&#*./("$+"#*.#=%*3*&1E# !"#*.&"($/&*'.#4"&,"".#/!'0"+&"('0#
and sphingomyelin leads to separation from other phospholipids in membranes 
and formation of distinct microdomains called rafts133-136. Sphingolipids form cell-
$.3# +2"/*"+# +2"/*-/# 2('-0"+# $&# &!"# /"00# +%()$/"+# &!$&# /!$($/&"(*+&*/$001# /!$.6"# *.#
development, differentiation, and oncogenic transformation. Such changes signify 
the importance of these lipid molecules for cell-cell and cell-matrix interactions as well 
as for cell adhesion, modulation of membrane receptors and signal transduction137. 
S P H I N G O L I P I D S
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 In addition, sphingolipids play roles in modulating various cellular events such 
$+#3*))"(".&*$&*'.F#*.=$99$&*'.F#2('0*)"($&*'.F#$.3#$2'2&'+*+E#;2!*.6'0*2*3#9"&$4'0*+9#
consists of a complex network of highly regulated pathways producing bioactive 
molecules that include sphingomyelin, sphingosine, sphingosine 1-phosphate (S1P), 
ceramide, and others138. Ceramide and sphingosine are precursors of S1P but 
poses opposite functions. Whereas ceramide and sphingosine are associated with 
cell growth arrest, stress responses and apoptosis, S1P is associated with cellular 
survival and proliferation139. The enzymes involved in sphingolipid metabolism can 
be induced by either stress stimuli resulting in activation of ceramide and sphingosine 
producing enzymes, or growth and survival factors resulting in activation of the S1P 
2('3%/*.6#".719"E# !*+#4$0$./"#4"&,"".#/"($9*3"I+2!*.6'+*."#'.#'."#!$.3#$.3#
S1P on the other determines induction of cell survival and proliferation or apoptosis 
making the balance between sphingolipid metabolites a matter of life and death.
Figure 3. Overview of key enzymes in the sphingomyelin cycle. The plasma membrane is an important 
source of cellular SM since it is instantly available for metabolism. Upon activation of SMases, SM can 
be converted into ceramide. Ceramide can be formed de novo but metabolism by SMS (sphingomyelin) 
and ceramidases (sphingosine) is more rapidly. Next, sphingosine can be metabolized by ceramide 
synthases into ceramide but activation of SphKs results in phosphorylaton of sphingosine forming S1P. 
SGPP reversibly degrades S1P back into sphingosine however S1P lyase irreversibly degrades S1P 
which thereby leaves the sphingomyelin cycle.
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3.2 Sphingosine 1-phosphate receptors and expression
S1P receptors belong to the endothelial differentiation gene receptor family comprising 
eight different receptors. This receptor family can be divided in two subgroups based 
'.#$9*.'#$/*3#+"O%"./"#!'9'0'61#$.3#0*6$.3#+2"/*-/*&1F#'."#+%46('%2#4*.3+#;R@#
and the other subgroup binds lysophosphatidic acid (LPA). The entire receptor 
)$9*01#,$+# -(+&# .$9"3#VY>
1-8
 but later on they were renamed as S1P
1
 (EDG
1
), 
S1P
2
 (EDG
5
), S1P
3
 (EDG
3
), S1P
4
 (EDG
6
), and S1P
5
 (EDG
8
) for the receptors that 
bind S1P. The EDG receptors that bind lysophosphatidic acid (LPA) were renamed 
as LPA
1
 (EDG
2
), LPA
2
 (EDG
4
), and LPA
3
 (EDG
7
)140. All of the EDG receptors are 
coupled to G proteins, hence their name G protein-coupled receptors (GPCR). The 
receptors are coupled to different G proteins which elucidates their differential signal 
transduction properties and divergent cellular effects141. S1P
1
 couples exclusively 
to G
i
 whereas S1P
2
 and S1P
3
 are both coupled to G
i
, G
q
, and G
R_IRg
142. Signalling 
through S1P
4
 and S1P
5
 remains largely unknown but S1P
4
 may signal through G
i
 
since it is able to activate ERK and PLC in a Pertussis toxin (G
i
 inhibitor) sensitive 
manner. S1P
5
 couples at least to G
i
 and G
12
143, 144,145-147,148, 149
S1P receptors S1P
1
, S1P
2
, S1P
3
 can be found on many cell types and 
tissues, whereas expression of S1P
4
, and S1P
5
# *+#9'("# ("+&(*/&"3# &'#+2"/*-/#/"00#
types and tissues150. Of particular interest is the expression of S1P
5
, which is low 
in embryonic brain but highly induced on adult brain. In the brain, oligodendrocytes 
(derived from mouse brains) express S1P
5
 throughout development. The expression 
of S1P
5
 on oligodendrocytes for the high expression levels of S1P
5
 in adult rodent 
brain due to the presence of thick myelin sheaths. In rat astrocytes, mRNA encoding 
for S1P receptors S1P
1
, S1P
2
 and S1P
3
 was detected 151, 152. 
Many studies about S1P receptor expression and signalling in endothelial 
cells are performed on human umbilical vein endothelial cells (HUVECs). HUVECs 
and human skin microvascular endothelial cells (MVEC) contain both S1P
1
 and 
S1P
3
 mRNAs but not S1P
2
 mRNA153. Not much literature about the function of the 
distinct S1P receptors in brain endothelial cells is available. It is reported that S1P, 
possibly through S1P
1
, on brain endothelial affects cell migration and tubulogenesis 
in a rat brain derived endothelial cell line154. Also, a role for S1P
2
 in endothelial 
function was suggested leading to inhibitory effects on rat brain endothelial cell 
migration, morphogenesis, and angiogenesis S1P
2
155, 156. The presence of S1P
2 
on 
brain endothelial cells would be in accordance with a study by Mcgiffert et al. which 
demonstrated the presence of S1P
1-3
 in mouse embryonic brain and the expression 
pattern colocalized with vascular endothelial markers157. A study by Bernhart et al. 
(not published) however, demonstrates by northern and western blot analysis that 
porcine brain capillary endothelial cells (pBCEC) express S1P
1
 and S1P
3
, not S1P
2
. 
gEg#< ]^_S
S1P receptors are currently under extensive investigation since clinical trials 
3"9'.+&($&"#+*6.*-/$.&#("3%/&*'.#')#3*+"$+"#+"8"(*&1#*.#."%('0'6*/$0#B$%&'*99%."C#
disease models by targeting these receptors158-162. In addition, two phase III clinical 
trails (TRANSFORMS, FREEDOMS) concerning the S1P receptor modulator 
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< ]^_S#B>*0".1$®) for treatment of relapsing remitting MS (RRMS) deliver robust 
3$&$# 3"9'.+&($&*.6# 6("$&01# ("3%/"3# ("0$2+"# ($&"+F# +*6.*-/$.&# ("3%/&*'.# *.# 0"+*'.#
activity, and lower risk of disability progression163, 164.
< ]^_S#4"/'9"+#2!'+2!'(10$&"3#B< ]^_S@C#*.#8*8'#$.3#*.#&!*+#+&$&"#*&#4"$(+#
+&(%/&%($0#("+"940$./"#&'#;R@E#< ]^_S@#4*.3+#,*&!#!*6!#$)-.*&1#&'#;R@
1
, S1P
3
, S1P
4
, 
S1P
5
 and seems functionally consistent with S1P. However, it has been demonstrated 
&!$&# < ]^_S@# *.!*4*&+# ;R@# +&*9%0$&"3#9*6($&*'.# $.3# ;R@T3(*8".# $.6*'6"."+*+# ')#
HUVECs due to inhibition of calcium mobilization from the endoplasmatic reticulum 
BVJCE#< ]^_S@#3*+&%(4+#;R@#+&*9%0$&"3#9*6($&*'.#9'+&# 0*Q"01#41# *.&"(.$0*7$&*'.#')#
S1P
1
# +*./"# *&# ,$+# 3"9'.+&($&"3# &!$&# $)&"(# < ]^_S@# &("$&9".&# &!*+# ("/"2&'(#,$+#
internalized and not recycled back to the cell surface, whereas binding of S1P did 
not result in receptor internalization165. 
A$H'(#9'3"# ')# $/&*'.# ')# < ]^_S@# *+# &!$&# ("&$*.+# 0192!'/1&"+#,*&!*.# &!"#
lymph nodes, thereby limited the number of circulating self-reactive T-cells. In 
6"."($0F#;R@#("6%0$&"+#*99%."#/"00#&($)-/Q*.6#')#0192!'/1&"+#&!('%6!#&!"*(#("/"2&'(#
S1P
1
. S1P
1 
is essential for regulation of lymphocyte egress from both thymus and 
peripheral lymphoid organs into the bloodstream166. In mesenteric lymph nodes, 
< ]^_S@#/$%+"+#$//%9%0$&*'.#')#0192!'/1&"+#$('%.3#&!"#$40%9*.$0#+*3"#')#+*.%+T
lining ECs and clustering within the parenchyma. Due to increased clustering and 
adhesiveness the lymphocytes may experience diminished movement in the node 
and limited diapedesis into efferent lymphatic vessels167, 168. In addition, in S1P
1
 
&($.+)"/&"3#/"00+#&("$&9".&#,*&!#< ]^_S@#("+%0&"3#*.#*.&"(.$0*7$&*'.#$.3#3"6($3$&*'.#
of S1P
1
 from the membrane, resulting in reduced egress due to unresponsiveness to 
the natural S1P gradient169E# !*+#/!$($/&"(*+&*/#')#< ]^_S@#'.#*99%."#/"00+#*+#9'+&#
likely the main mode of action in treatment of RRMS. 
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The BBB is specialized to function as a barrier to protect the CNS by restricting 
entry of unwanted molecules and immune cells into the brain. An important feature 
of MS pathology is a dysfunctional BBB and consequent loss of the imperative CNS 
homeostasis. The unrestrained access of immune cells and harmful compounds into 
the CNS play a central role in demyelination and axonal damage, two hallmarks 
of MS pathology strongly contributing to the clinical symptoms of MS. The studies 
in this thesis aim to unravel novel molecular mechanisms and target components 
involved in BBB regulation during physiological and patho-physiological conditions.
 In chapter 2 of this thesis we investigated the expression of tetraspanins 
at the BBB on human post-mortem brain sections and on cultured cells of the 
BBB. Several tetraspanins are expressed by both astrocytes and endothelial cells. 
Endothelial CD81 and CD9 are involved in transendothelial migration of monocytes 
and CD9 is involved in promoting endothelial cell barrier function. In chapter 3 we 
studied expression of S1P receptors on human post-mortem brain sections and on 
cultured human astrocytes. In addition, we studied whether astrocytes are a target 
)'(#< ]^_S@E#?+&('/1&"+#*.#A;#0"+*'.+#+!',#$#+&('.6#*./("$+"#*.#;R@#("/"2&'(+#R#
$.3#g#$.3#+!',# ("+2'.+*8"."++# &'#< ]^_S@#41# ("3%/*.6#A:@TR#+"/("&*'.#%2'.#
TNF-  exposure. In chapter 4 we studied whether the sphingomyelin cyce in human 
2'+&T9'(&"9#4($*.# &*++%"#,$+#$0&"("3#3%(*.6#A;#2$&!'0'61#$.3# *)#< ]^_S@#/'%03#
restore a disturbed sphingomyelin cycle. Astrocytes in MS lesions show increased 
ceramide expression demonstrating a disturbed sphingomyelin cycle. In vitro, 
< ]^_S@#*+#$40"#&'#("3%/"#/"($9*3"#0"8"0+#*.# D<T  exposed astrocytes resulting 
in functional changes such as a reduction in monocyte migration through endothelial 
cells exposed to supernatants of treated astrocytes. In chapter 5 we determined 
S1P receptor 5 expression on human post-mortem brain sections. In addition we 
determined the functional role of S1P receptor 5 in the function of the BBB and its 
*99%.'O%*"+/"./"E#<*.$001F#&!"#-.3*.6+#')#&!*+#&!"+*+#$("#+%99$(*7"3#$.3#3*+/%++"3#
in Chapter 6. 
O U T L I N E  O F  T H I S  T H E S I S
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Early events in multiple sclerosis (MS) lesion formation are a loss of blood-brain barrier 
BWWWC#*.&"6(*&1F# *99%."#/"00#&($)-/Q*.6#*.&'#&!"#/".&($0#."(8'%+#+1+&"9#B:D;C#$.3#
demyelination. To date, the molecular mechanisms that underlie these pathogenic 
events are poorly understood. Tetraspanins (TSPs) are a family of transmembrane 
proteins that are involved in cellular migration, signal transduction and adhesion. 
Due to involvement of TSPs in these processes, we hypothesized that TSPs may 
play a role in MS lesion formation by modulating cell migration into the CNS. We 
therefore examined the expression of TSPs CD9 and CD81 in MS brain and found 
that TSPs were constitutively expressed throughout the normal appearing white 
matter (NAWM) and on the vasculature. In vitro studies revealed that expression 
')#  ;@+# *+# ("6%0$&"3# 3%(*.6# *.=$99$&*'.E# U92'(&$.&01F# :Yi#,$+# )'%.3# &'# 20$1# $#
role in  the migration of monocytes across brain endothelial cell monolayers, a key 
phenomenon in MS lesion formation. Moreover, blocking CD9 signalling strongly 
enhanced the function of the in vitro BBB. Together, we demonstrate that TSPs are 
involved during MS pathogenesis. 
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Roles for tetraspanins CD9 and CD81 in Multiple Sclerosis
A%0&*20"# +/0"('+*+# BA;C# *+# $# /!('.*/# *.=$99$&'(1# 3*+"$+"# ')# &!"# /".&($0# ."(8'%+#
system (CNS) characterized by demyelination and neurodegeneration. MS lesions 
&12*/$001#+!',#40''3T4($*.#4$((*"(#BWWWC#3*+(%2&*'.F#*.-0&($&*'.#')#*99%."#/"00+#*.&'#
the brain, demyelination and the presence of reactive astrocytes1, 2.Tetraspanins 
(TSPs) are a superfamily of over 30 members in mammals, characterized by four 
transmembrane domains and two extracellular loops3. TSPs assemble into signalling 
complexes together with other plasma membrane proteins, including integrins, cell 
adhesion molecules, other TSPs and growth factor receptors. Through TSP-enriched 
micro-domains, fundamental biological processes like proliferation, migration, cell 
motility, and cell adhesion are regulated in various cell types4, 5. 
 Endothelial cells line all blood vessels, are crucial in the regulation of 
vascular integrity, and are involved in transendothelial migration of immune cells 
3%(*.6# *.=$99$&'(1# "8".&+E# U.# &!*+# 2('/"++F#:Yi# *+# "++".&*$0# )'(# &!"# ("/(%*&9".&#
of leukocytes6. TSPs CD9 and CD81 have been found at intercellular junctions in 
human umbilical vein endothelial cells7. In addition, these TSPs localize to endothelial 
docking structures formed upon adhesion of leukocytes8, 9. Conversely, disruption 
of umbilical and brain endothelial CD81 using mAb or siRNA reduces leukocyte 
transendothelial migration8-10. 
 Previously, we have shown that therapeutic targeting of CD81 with 
monoclonal antibodies (mAbs) limits cellular migration into the CNS, leading to 
("3%/"3#*.=$99$&*'.#*.#9*/"#,*&!#"G2"(*9".&$0#$00"(6*/#"./"2!$0'91"0*&*+#BV?VCF#$.#
animal model for MS. This illustrates the importance of these TSPs in neurological 
disorders10. The distribution of CD9 in healthy human brain has been shown before11. 
However, data on the expression and potential role of TSPs in MS are largely lacking. 
Here, we examined the expression of the TSPs CD9 and CD81 in MS brain sections, 
cultured human brain endothelial cells and primary human astrocytes. Strikingly, 
anti-CD9 directed antibodies improved the barrier function of brain endothelial cells. 
Importantly, we show that the transendothelial migration of monocytes, a crucial 
event in MS, is impaired by blocking CD9 and CD81. Collectively our data show that 
TSPs are of importance for pathogenic processes that underlie MS lesion formation.
I N T R O D U C T I O N
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Brain tissue
Brain tissue from 3 controls and 10 patients with clinically diagnosed and 
."%('2$&!'0'6*/$001#/'.-(9"3#A;#,$+#'4&$*."3#$&#($2*3#$%&'2+1#$.3#*99"3*$&"01#
frozen in liquid nitrogen (in collaboration with The Netherlands Brain Bank, coordinator 
Dr. Huitinga). All patients, or their next of kin, had given informed consent for autopsy 
and use of their brain tissue for research purposes. Relevant clinical information was 
retrieved from the medical records and is summarized in table 1. The Netherlands 
Brain Bank received permission to perform autopsies, for the use of tissue and for 
access to medical records for research purposes from the Ethical Committee of the 
VU University Medical Center, Amsterdam, The Netherlands. White matter MS tissue 
samples were selected on the basis of post-mortem MRI as described elsewhere12. 
4!%&+'-&*2(#!-(&$$0!'35%'3)*$&2%/5(
Antibodies used in this study are listed in table 2. When mAbs were used with 
cultured cells, azide was removed by dialysis against PBS in Slide-A-Lyzer cassettes 
B !"(9'#<*+!"(#;/*".&*-/#U./EF#J'/Q)'(3F#U[#b;?CE
<'(# *99%.'!*+&'/!"9*/$0# +&$*.*.6F#M#q9#/(1'+"/&*'.+#,"("#$*(T3(*"3#$.3#-G"3# *.#
$/"&'."# )'(# RS# 9*.%&"+E# ;"/&*'.+# ,"("# *./%4$&"3# '8"(.*6!&# $&# kr:# ,*&!# 2(*9$(1#
antibodies (Table 2). For the detection of PLP (1:500) and MHC class II (1:100) on human 
9$&"(*$0F#+0*3"+#,"("#*./%4$&"3#,*&!#V.X*+*'.#c*&#($44*&I9'%+"T0$4"00"3#!'(+"($3*+!#
M A T E R I A L S  A N D  M E T H O D S
 Age 
(years) 
Sex Post-mortem 
delay (h:min) 
Disease duration  
(years) 
Case 1 79 Female 14:00 39 
Case 2 81 Male 8:50 59 
Case 3 72 Female 6:25 12 
Case 4 61 Female 9:55 29 
Case 5 77 Male 4:15 26 
Case 6 48 Female 4:50 25 
Case 7 44 Female 10:15 8 
Case 8 77 Female 5:43 unknown 
Case 9 56 Male 8:00 27 
Case 10 66 Male 7:45 unknown 
Control 1 89 Female 7:00 NA 
Control 2 75 Female 8:00 NA 
Control 3 56 Male 9:00 NA 
 
 !"#$%&'%(#)*)+!#%)*,-./!0)-*%12%3!0)$*04%!*5%+-*0.-#4'
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peroxidase (DAKO, Glostrup, Denmark) for 30 minutes at room temperature. 
 !"#$%&'(!) '*+%,%+-) .'() &!/#0(+"'+!&) .%+1) 234) /56/7) 898:;&%'/%0#<!0=%&%0!)
+!+"'*17#"%&!)>?@AB)C%5/'9)C+)D#E%(9)FG9)HC@I)%0)J1#(J1'+!;<EKK!"!&)('7%0!)> ACI)
*#0+'%0%05)232LM)N
2
O
2
. Between incubation steps, sections were thoroughly washed 
with PBS. After a short rinse in tap water sections were incubated with haematoxylin 
for 1 minute and extensively washed with tap water for 10 minutes. Finally, sections 
were dehydrated with ethanol followed by xylol and mounted with Entellan (Merck, 
?'"/(+'&+9)O!"/'0-I3)@77)'0+%<#&%!().!"!)&%7E+!&) %0) AC)*#0+'%0%05)23PM)<#,%0!)
serum albumin (BSA, Boehringer-Mannheim, Germany), which also served as a 
negative control. For colocalization studies sections were processed as described 
above, however secondary antibodies conjugated to Alexa-488 or Alexa-594 were 
used (Jackson Immunoresearch Laboratories, Westgrove, USA). Sections were 
viewed on a Leica TCS SP2 AOBS confocal laser scanning microscope for confocal 
'0'7-(%()#")'7+!"0'+%,!7-)#0)')(+'0&'"&)!J%QE#"!(*!0*!)/%*"#(*#J!)>R%S#0)?FT222I)
as indicated. Immunocytochemistry on cultured cells was performed as described 
'<#,!)'0&)'K+!")U$'+%#0).%+1)VM)K#"/'7&!1-&!)%0) AC)K#")L2)/%0)'+)"##/)+!/J!"'+E"!3
Cell culture
W1!)1E/'0) %//#"+'7%=!&)<"'%0)!0&#+1!7%'7)*!77) 7%0!)1XFYX6?89) +1'+)J"!(!0+()S!-)
features of the BBB was kindly provided by Dr. P.O. Couraud (Paris, France) and 
cultured as described previously133)A"%!Q-9) *!77().!"!)J7'+!&)#0)*#77'5!0) Z) *#'+!&)
surfaces in Clonetics® EBM-2 medium (Cambrex BioScience) supplemented with 
Antigen Host Label Clone Dilution Source 
CD9 mouse none M-L13 1:300 BD Biosciences 
CD81 mouse none JS81 1:200 BD Biosciences 
GFAP rabbit none polyclonal 1:200  DAKO 
PLP mouse none Plpc1 1:500  Serotec 
MHC class II mouse none LN3 1:100 DAKO 
Glut-1 rabbit none Ab652 1:300 Abcam 
2
ndary
 to mouse goat Alexa647 A21236 1:400 Mol. Probes 
2
ndary
 to mouse goat Alexa488 A11017 1:400 Mol. Probes 
2
ndary
 to rabbit donkey Alexa647 A31573 1:400 Mol. Probes 
2
ndary
 to rabbit goat Alexa488 A11008 1:400 Mol. Probes 
 
 !"#$%6'%7*0)"-5)$4%84$5%,-.%)//8*-9)40-+9$/)40.:'
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[YO\9)ZO\;P9)YO\9)<'(%*)\O\9)1-&"#*#"+%(#0!9)'(*#"<'+!9)5!0+'/-*%0)'0&)L34M)\AC)
as recommended by the manufacturer13. Human peripheral blood mononuclear cells 
(PBMC) were isolated from fresh buffy coats (Sanquin, Amsterdam, the Netherlands) 
by standard density centrifugation over Ficoll (Amersham Biosciences). Monocytes 
were isolated from PBMC by MACS anti-CD14 MicroBeads isolation (MiltenyiBiotec) 
according to the instructions of the manufacturer. Primary astrocytes from control 
brain tissue or MS lesions and monocytes were isolated and cultured as described14, 15. 
]1!"!) %0&%*'+!&) %0) +1!) U5E"!) 7!5!0&() *!77() .!"!) (+%/E7'+!&) .%+1) 4) 056/7) +E/#")
0!*"#(%()K'*+#")>WR\;^I)> !J"#+!*19)N'/<E"59)O!"/'0-I)K#")LV)13
Real-time PCR
F!((!05!")_R@)>/_R@I).'() %(#7'+!&) K"#/)+"!'+!&)1XFYX6?8)*!77()'0&)J"%/'"-)
human astrocytes using an mRNA capture kit (Roche) according to the manufacturer’s 
instructions and copy DNA (cDNA) was synthesized with the Reverse Transcription 
System kit (Promega, USA) following manufacturer’s guidelines and described 
previously16. Real time PCR (rtPCR) (for primer sequences please see table 3) 
.'()J!"K#"/!&).%+1)+1!)C`A_)O"!!0)/!+1#&)%0)'0)@AZ) "%(/)ab22NW)C!cE!0*!)
Detection System (PE Applied Biosystems). Total volume of the reaction mixture 
.'()P2)d79)*#0+'%0%05)*?R@9)822)0F)#K)!'*1)J"%/!")'0&)C`A_)O"!!0)F'(+!"/%$)
> Y)@JJ7%!&)A%#(-(+!/(I9) '() %0&%*'+!&)<-) +1!) (EJJ7%!"3)W1!) +1!"/'7) J"#U7!) K#") '77)
the reactions was 2 minutes at 50°C, followed by 10 minutes at 95°C and then 40 
*-*7!()#K)P4)(!*#0&()'+)b4eX)'0&)P)/%0E+!)'+)T2eX3)W#)*#""!*+)K#")J"%/!")!KU*%!0*-9)
a standard curve was generated for each primer set using 8 fold dilutions of genomic 
DNA. Expression levels of transcripts obtained with real time PCR were normalized 
to GAPDH expression levels.
Transendothelial migration assay
Transendothelial migration was assayed using a time-lapse video microscopy 
migration assay, as described before17, 183) A"%!Q-9) /#0#*-+!() >TfP246.!77I) .!"!)
'&&!&)+#)1XFYX6?8)!0&#+1!7%'7)*!77)/#0#7'-!"()+1'+).!"!)5"#.0)%0)bT;.!77)J7'+!()
'0&)(+%/E7'+!&).%+1)4)056/7)WR\;^) > !J"#+!*19)N'/<E"59)O!"/'0-I) K#")LV13)X#;
cultures were placed on a Nikon Eclipse TE300 inverted microscope equipped with 
Table 3. Real-time PCR primers 
Gene Genebank Primers 
hCD9 NM_001769 Fwd 5’ -GGATATTCCCACAAGGATGAGGT-3’ 
Rev 5’ -GATGGCTTTCAGCGTTTCCC-3’ 
hCD81 NM_004356 Fwd 5’ -AGGACCAGATCGCCAAGGAT-3’ 
Rev 5’ -GCTGTAGGGCCTGGTCATAGAA-3’ 
hGAPDH M33197 Fwd 5’ -CCATGTTCGTCATGGGTGTG-3’ 
Rev 5’ -GGTGCTAAGCAGTTGGTGGTG-3’ 
hICAM-1 NM_000201.2 Fwd 5’ -TAGCAGCCGCAGTCATAATGGG-3’ 
Rev 5’ -AGGCGTGGCTTGTGTGTTCG-3’ 
hVCAM-1 NM_001078.3 Fwd 5’ -TGAAGGATGCGGGAGTATATGA-3’ 
Rev 5’ -TTAAGGAGGATGCAAAATAGAGCA-3’ 
 
 !"#$%;'%<$!#=0)/$%>(<%3.)/$.4
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')+!/J!"'+E"!)*#0+"#77!&)>8a)eXI9)4M)XG
2
 gassed chamber. Cells were allowed to 
migrate for 4 hours, at which time the co-cultures were recorded for 10 min under 
phase contrast, using the Olympus Cell F imaging system. Movies were analysed 
by counting the number of cells that had migrated through the monolayer (visible as 
motile cells with phase-dark appearance) and the number of cells remaining on top 
of the endothelial cell surface (phase-bright appearance)19, 20. The level of migration 
was calculated as the number of migrated cells expressed as a percentage of the 
+#+'7)*!77().%+1%0)+1!)U!7&3)Y'*1)!$J!"%/!0+'7)*#0&%+%#0).'()'JJ7%!&)+#)V).!77()J!")
!$J!"%/!0+B)!$J!"%/!0+().!"!)J!"K#"/!&)'+)7!'(+)+.%*!3
BBB transendothelial electrical resistance
Transendothelial electrical resistance was determined by the cell substrate 
%/J!&'0*!)(!0(%05)+!*10%cE!)>YXZCgB)@JJ7%!&)A%#J1-(%*(9)W"#-9)R`I21-233)1XFYX6
D3 endothelial cells were cultured at 105 cells per cm2 on ECIS™ type 8W10E+ 
electrode arrays (Applied Biophysics) coated with collagen type I. Two days after 
seeding, cultures were connected to an ECIS Model 1600R Controller (Applied 
Biophysics) and impedance measurements were initiated at 4-8 kHz and 1V. 
Cultures were monitored overnight to ensure base line stability. The next day, 
mAbs were added as indicated and experimental measurements were started (t=0). 
Transendothelial electrical resistance data were normalized to values measured at 
t=0.
???%3$./$!")#)0:
1XFYX6?8) *!77().!"!) *E7+E"!&) #0+#) *#77'5!0) >EJJ!") (%&!9)C%5/'I) *#'+!&)X#(+'")
W"'0(.!77) U7+!"() >J#"!;(%=!) 23V) d/B) X#"0%05) %0*#"J#"'+!&9) X#"0%059) R 9`HC@3)
Permeability of the endothelial layers for for FITC-dextran (150 kDa) was assayed 
as described before24, 259)'0&)+1!)%0QE!0*!)#K)&%KK!"!0+)'0+%<#&%!()#0)+1!)J!"/!'<%7%+-)
.'()+!(+!&)'()%0&%*'+!&)%0)+1!)U5E"!)7!5!0&(3)@+),'"%#E()+%/!;J#%0+()'K+!")'&&%+%#0)
#K)*#/J#E0&()('/J7!().!"!)*#77!*+!&) K#")/!'(E"!/!0+)#K)QE#"!(*!0*!) %0+!0(%+-)
using a FLUOstar Galaxy microplate reader (BMG Labtechnologies, Offenburg, 
Germany), excitation 485 nm, emission 520 nm.
Statistical analysis
Data were analysed using One way ANOVA followed by Student’s t-test or analysed 
for differences in linear regression between groups when applicable. The minimal 
*"%+!"%#0)K#")'**!J+%05)(%50%U*'0*!).'()Jh2324)K#")'77)(+'+%(+%*'7)'0'7-(!(3
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Figure 1 @!4+8#!.%$A3.$44)-*%-,%0$0.!43!*)*4%)*%12%".!)* 
Active demyelinating MS lesions are characterized by loss of proteolipidprotein (PLP) (typical example 
in A) and presence of abundant MHC class II expressing macrophages and activated microglia. Within 
lesion area’s (arrowheads in A) CD9 expression is strongly reduced while CD81 expression remains 
unaltered compared to NAWM (asterisks in A) and control brain tissue. CD9 expression in control brain 
tissue and NAWM is detected on blood vessels (arrowhead in B) and in the parenchyma. Within the lesion 
area, CD9 expression appears to be increased at the vasculature (arrowhead in B) and decreased in the 
parenchyma. Colocalizaton studies show endothelial CD9 expression (arrowheads in B) as demonstrated 
by colocalizaton of CD9 (red) with the endothelial cell marker Glucose -1 transporter (GLUT-1) (green). 
CD81 is found in the parenchyma and on blood vessels (arrowheads in C), demonstrating comparable 
expression in NAWM and in MS lesions. Scale bars: 500 µm in A, 100 µm in B and C, and 25 µm in 
colocalization study B.
@!4+8#!.%$A3.$44)-*%-,%0$0.!43!*)*4%)*%+-*0.-#%!*5%12%".!)*%
First, we characterized the expression of CD9 and CD81 in control brain tissue and 
MS brain tissue by immunohistochemistry. CD9 showed extensive parenchymal 
expression in control brain tissue suggesting that CD9 immunoreactivity was 
associated with myelin (Figure1A), which is in line with previous reports11, 26. CD9 
expression was reduced in the parenchyma (indicated by arrows in Figure 1A) of 
demyelinated MS lesion areas. This decreased CD9 expression was observed in 
all cases investigated and representative pictures are shown in Figure 1A. Vascular 
CD9 expression appeared to remain unaltered in NAWM compared to control 
brain tissue. Bearing in mind the limitations of immunohistochemistry regarding 
quantitative analysis, a subtle increase in CD9 expression in white matter MS lesions 
was observed compared to control brain tissue and NAWM (Figure 1B). TSP CD81 
was found in the parenchyma and on blood vessels and showed similar expression 
patterns in NAWM and in MS lesions (Figure 1C).
740.-+:0)+%$A3.$44)-*%-,%0$0.!43!*)*4%)*%12%".!)*%!*5%3.)/!.:%+$##%+8#08.$4'
Given the expression of TSPs CD9 and CD81 in the brain parenchyma, we set 
out to investigate whether TSPs were present on astrocytes and astrocytic endfeet 
surrounding the vasculature. To this end we performed colocalization studies using 
GFAP as an astrocytic marker. CD9 expression did not overlap with GFAP in the 
parenchyma (Figure 2A-C), however we did observe abundant expression of CD9 in 
the parenchyma in control brain tissue and NAWM (Figure 2A, B). In MS lesions we 
found reduced expression of CD9 in the parenchyma (Figure 2C). Immunoreactivity 
for CD81 was overlapping with GFAP-positive astrocytes and astrocyte processes 
(Figure 2A, B). In addition, juxtaposition of CD81 staining with GFAP was evident 
in the parenchyma. In MS lesions colocalization of CD81 with GFAP remained 
unaltered (Figure 2C). These data show that CD81 but not CD9 is widely associated 
with GFAP throughout the brain parenchyma. Additionally, we measured the relative 
abundance of CD9 and CD81 mRNA in cultures of primary human astrocytes by 
rtPCR. CD9 and CD81 revealed a similar level of mRNA expression (0.076 and 
232bT)"!7'+%,!)+#)O@ ?N9)"!(J!*+%,!7-B)\%5E"!)L?I9).1%*1)J'"+7-)'JJ!'"()+#)J'"'77!7)
the immunoreactivity shown in Figure 2A as we did not observe astrocytic CD9 
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Figure 2 !"#$%&"'%()*+#)!!'$,($-(")"#.!+.,',!(',(/0(1#.',(.,2(+#'3.#&(%)44(%54"5#)!6
Immunoreactivity for CD81 but not CD9 overlaps with perivascular GFAP-positive astrocytes processes. 
Juxtaposition of CD9 and in particular CD81 staining with GFAP is also evident in the parenchyma (A-
C). CD81 expression remained unaltered in MS tissue compared to control tissue while CD9 expression 
was reduced in MS lesions (C). The relative abundance of CD9 and CD81 mRNA in cultures of primary 
human astrocytes is shown in (D). The relative abundance to GAPDH is 0.076 and 0.096 for CD9 and 
 !"#$%&'()'*+,-'./%012345%6)78%'9)7(:&'%+7%;1<=>%?'%7@('&-'A%&'A:*'A% !B%0C53D=E7.AF%G)HC$CI4%J8A%
unaltered CD81 expression (D). Scale bars: 25µm
45
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expression in brain tissue. In addition, mRNA expression of CD9 and CD81 was 
K'J(:&'A%,8%*:.+:&'(%7E%J(+&7*/+'(%:8A'&%,8LJKKJ+7&/%*78A,+,78(5%M8%*78*7&AJ8*'%
with the observation of tetraspanin expression in MS brain by astrocytes, we found 
:8J.+'&'A%.'-'.(%7E% !"#%KN1O%K'((JP'%,8%J(+&7*/+'(%'9)7('A%+7%J8%,8LJKKJ+7&/%
agent (Figure 2D). However, we found reduced mRNA levels of CD9 in astrocytes 
:8A'&%,8LJKKJ+7&/%*78A,+,78(%0C53D=E7.AF%)HC$CI4%0<,P:&'%Q!45%
708()*+#)!!'$,(',(%54"5#)2(1#.',(),2$"9)4'.4(%)44!
The localization of the investigated TSPs in human control and MS brain was most 
prominent on blood vessels and on astrocytes. Therefore we examined the expression 
)&7R.'(%7E% !B%J8A% !"%,8%K7&'%A'+J,.%:(,8P%*:.+:&'A%S:KJ8%@&J,8%'8A7+S'.,J.%*'..($%
S TU V!W$%@/%K'J8(%7E%,KK:87*/+7*S'K,(+&/%J8A%&+X N5%S TU V!W%*'..(%(S7?'A%
CD9 and CD81 staining of the membrane with concentrated expression at cell-cell 
Figure 3 708()*+#)!!'$,(',(%54"5#)2(1#.',(),2$"9)4'.4(
cells
CD9 and CD81 are present at cell-cell borders in 
*:.+:&'(% 7E% S TU V!W% *'..(5% N'J.=+,K'% X N% J8J./(,(%
(S7?(% +SJ+% S TU V!W% *'..(% '9)&'((%  !B$%  !"#$%
ICAM-1, and VCAM-1mRNA under basal conditions. 
N'.J+,-'%J@:8AJ8*'%+7%YOX!Z%,(%C5#ICF%C5C#IF%C5CCI3%
and 0.0003for CD9, CD81, ICAM-1, and VCAM-1 
&'()'*+,-'./%0O45%6)78%'9)7(:&'%+7%;1<=>$%S TU V!W%
*'..(% (,P8,R*J8+./% ,8*&'J('% '9)&'((,78% 7E%  !B% KN1O%
0#53D=E7.AF% G)HC5CI4% ?S,.'%  !"#% '9)&'((,78% ,(% 87+%
(,P8,R*J8+./%J.+'&'A%0[45%\*J.'%@J&(]%QI^K5
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Figure 4 TSP effects on in vitro(1.##')#(-5,%"'$,
;&J8('8A7+S'.,J.% &'(,(+J8*'%7E% *78L:'8+% S TU V!W%K787.J/'&(%?J(%K78,+7&'A%@/%U M\5%OE+'&% 3IS&(%
anti-CD9 was added, addition of anti-CD9 markedly increases barrier resistance compared to control 
0O4% 0G)HC5CI$% GG)HC5C#45%X'&K'J@,.,+/%7E% +S'%@&J,8%'8A7+S'.,J.% .J/'&(%?J(%J((J/'A%:(,8P%<M; =A'9+&J85%
Anti-CD9 alters the slope, indicative of the rate of FITC-dextran (70 kDa) transport across the endothelial 
@J&&,'&$%*7K)J&'A%+7%X[\%7&%,(7+/)'%+&'J+'A%*78+&7.(%:8A'&%@J(J.%*78A,+,78(%0[4%0GG)HC5CCC#F%<2#W5DB3B45%
Exposure of the endothelial cell monolayer to ;1<=>%,8*&'J('(%<M; =A'9+&J8%+&J8()7&+%?S,*S%,(%(,P8,R*J8+./%
&'A:*'A%:)78%'9)7(:&'%+7%J8+,= !B%O@(%0[4%0G)HC5C#F%<2_5IB#B"45%Data presented are the mean of at 
least n=4.
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@7&A'&(%:8A'&%@J(J.%*78A,+,78(%0<,P:&'%WO45%KN1O%.'-'.(%,8%S TU V!W%*'..(%SJA%J%
relative abundance to GAPDH of 0.150 and 0.015 for CD9 and CD81 respectively 
(Figure 3A). As a reference we also investigated the expression of two molecules 
+SJ+%J&'%?'..%`87?8%+7%K'A,J+'%K787*/+'%K,P&J+,78%J*&7((%+S'%[[[F%+S'%'8A7+S'.,J.%
adhesion molecules intracellular adhesion molecule -1 ( ICAM-1) and vascular cell 
adhesion molecule -1 (VCAM-1) (relative abundance compared to GAPDH 0,0054 
and 0,0003 respectively)(Figure 3A). To investigate whether TSP expression is 
&'P:.J+'A%A:&,8P%8':&7,8LJKKJ+,78$%*:.+:&'A%S TU V!W%*'..(%?'&'%'9)7('A%+7%+S'%
)&7=,8LJKKJ+7&/% */+7`,8'%;1<=>5% &+X N% J8J./(,(% (S7?'A% +SJ+% '9)7(:&'% 7E% @&J,8%
'8A7+S'.,J.%*'..(%+7%;1<=>%K7A'(+./%@:+%(,P8,R*J8+./%:)=&'P:.J+'A%+S'%.'-'.(%7E% !B%
KN1O% 0#53D=E7.AF% )HC5CI45%  !"#%KN1O% .'-'.(% ?'&'% 87+% (,P8,R*J8+./% JEE'*+'A% @/%
;1<=>%+&'J+K'8+%0<,P:&'%W[45
Figure 5 TSP effects on monocyte transmigration
T787*/+'% +&J8(K,P&J+,78% J*&7((% *78L:'8+% K787.J/'&(% 7E% S TU V!W% *'..(% ,(% ,8S,@,+'A% @/% J8+,=;\X%
antibodies. Incubation of endothelial cells with mAbs led to a reduction in monocyte transmigration 
?S'8%JAA,8P%J8+,=%J8+,= !B%0O4%0GG)HC5CCC#4%7&%J8+,= !"#%0G)HC5CC#45%M8%)&'('8*'%7E%;1<=>$%K787*/+'%
K,P&J+,78%?J(%(,P8,R*J8+./%,8*&'J('A5%Z7?'-'&$%:8A'&%,8LJKKJ+7&/%*78A,+,78(% !B%@.7*`JA'%(,P8,R*J8+./%
,8S,@,+'A%K787*/+'%K,P&J+,78%0DQa%7E%-'S,*.'F%GG)%H%C$CCC#45%M(7+/)'%*78+&7.%?J(%87+%(,P8,R*J8+./%J.+'&'A%
*7K)J&'A%+7%+S'%-'S,*.'%*78+&7.%?,+S%J8A%?,+S7:+%;1<=>%+&'J+K'8+%,8%J..%J((J/(%0823="%E7&%'J*S%%+&'J+K'8+45
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TSP effects on in vitro(1.##')#(-5,%"'$,
To study whether TSPs play a role in brain endothelial barrier function we measured 
+&J8('8A7+S'.,J.%'.'*+&,*J.%&'(,(+J8*'%0;UUN4%7E%*78L:'8+%S TU V!W%K787.J/'&(5%
Addition of anti-CD9 mAb 45 hours after the start of the experiment led to an increase 
in TEER compared to controls (Figure 4A). mAbs against CD81 or isotype control IgG 
did not alter TEER when compared to vehicle-treated controls (data not shown). We 
hypothesized that increased barrier resistance would lead to reduced permeability 
of the barrier. As an additional functional read-out parameter of CD9 effects on 
@J&&,'&% ,8+'P&,+/$%?'%)'&E7&K'A%<M; =A'9+&J8% +&J8()7&+% J((J/(% 0<!DCF%<,P:&'%3[45%
;&'J+K'8+%7E%S TU V!W%*'..(%?,+S%J8+,= !B%KO@% .7?'&'A%+S'%)'&K'J@,.,+/%7E% +S'%
'8A7+S'.,J.%K787.J/'&(%0)HC5CCC#F%<2#B5DB3BF%<,P:&'%3[45%6)78%'9)7(:&'%+7%;1<=>%
we observed increased permeability of the endothelial barrier which was modestly 
@:+%(,P8,R*J8+./% &'A:*'A%@/% %J8+,= !B%KO@%0)HC5C#4% 0<,P:&'%3[45%;J`'8% +7P'+S'&$%
these results indicate that CD9 directly contributes to barrier resistance and integrity. 
TSP effects on monocyte transmigration
Since TSPs are known to assemble in membrane micro-domains we set out 
to determine a potential functional role of TSP in MS pathology by monitoring 
transendothelial migration of monocytes. We performed transmigration assays in 
+S'%J@('8*'%7&%)&'('8*'%7E%KO@(5%S TU V!W%*'..(%?'&'%,8*:@J+'A%?,+S%KO@(%J8A%
remaining free mAbs were removed by washing before the start of the migration 
assay. As shown in Figure 5A, incubation of endothelial cells with mAbs led to a 
KJ&`'A% &'A:*+,78% ,8% +&J8('8A7+S'.,J.% K787*/+'% K,P&J+,78% @/% J8+,= !"#% 0"Qa% 7E%
*78+&7.F%)HC5CC#4%J8A%J8+,= !B%0_Ia%7E%*78+&7.F%)HC5CCC#45%;S'('%R8A,8P(%(:PP'(+%
that endothelial CD81 and CD9 have a functional role in the transmigration process. 
68A'&%,8LJKKJ+7&/%*78A,+,78($%,8A:*'A%@/%'9)7(:&'%7E%+S'%@&J,8%'8A7+S'.,J.%*'..(%+7%
;1<=>$%?'%7@('&-'A%J%(,P8,R*J8+%,8*&'J('%,8%K787*/+'%K,P&J+,78%*7K)J&'A%+7%+S'%
*78+&7.(5% M8+'&'(+,8P./$%()'*,R*%@.7*`,8P%7E% !B%&'(:.+'A% ,8%J%(,P8,R*J8+% &'A:*+,78$%
back to baseline level, in monocyte migration across the endothelial cell monolayer 
0DQa% 7E% -'S,*.'F% )% H% C$CCC#45% ;S'('% R8A,8P(% (:PP'(+% +SJ+%  !B% ,(% ,8-7.-'A% ,8%
+&J8('8A7+S'.,J.%K787*/+'%K,P&J+,78%:8A'&%,8LJKKJ+7&/%*78A,+,78(5
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Given the previously described expression of CD9 in the healthy human CNS and the 
J(('K@./%7E%;\X(%,8%K,*&7=A7KJ,8(%J8A%+S',&%J*+,-,+/%A:&,8P%,8LJKKJ+7&/%*78A,+,78($%
we investigated their expression levels in MS brain lesions6, 27-33. We here establish 
that CD81 and CD9 are expressed in the brain by the vasculature, astrocytes, and 
parenchyma. CD9, but not CD81, expression levels appear to be altered showing 
increased vascular expression in active lesions compared to control brain tissue and 
1ObT5%M8%JAA,+,78$% !B$%@:+%87+% !"#$%,(%&'()78(,-'%+7%,8LJKKJ+7&/%(+,K:.J+,78%@:+%
both molecules have biologically important functions at the in vitro BBB. Together, 
the observations indicate that these molecules are involved in MS pathology. 
 CD9 and CD81 are ubiquitously expressed throughout the brain 
parenchyma in control brain tissue and NAWM, consistent with expression of these 
TSPs on oligodendrocytes and myelin as has been demonstrated before11, 27, 34, 35. 
In MS lesions, CD9 immunoreactivity was decreased in the parenchyma of 
demyelinated lesions and appeared to show a modest increase on the vasculature. 
This decreased expression of parenchymal CD9 might be explained by the loss of 
myelin, consequently leading to a loss of the myelin-associated CD911, 27, 35. Some 
demyelinated lesions still displayed CD9 immunoreactivity, indicating that loss of 
PLP reactivity preceded the loss of CD9. We observed numerous CD9-positive 
macrophages (data not shown), which is in accordance with previous reports29, 33, 36. 
Macrophages clear myelin debris from the active sites of MS lesions through 
phagocytosis, CD9-immunoreactive myelin-laden macrophages might indicate the 
presence of intracellular CD9-positive myelin particles2, 37. CD81 expression was 
comparable in control brain, NAWM and MS lesions on both endothelial cells an in 
the parenchyma.
 We observed that blocking CD9 by a blocking antibody on brain endothelial 
*'..(% (,P8,R*J8+./% ,8*&'J('A% +&J8('8A7+S'.,J.% &'(,(+J8*'5% !B% SJ(% @''8% (S7?8% +7%
interact with claudins, molecules involved in barrier formation38. Moreover, CD9 
*7.7*J.,c'(%J8A%J((7*,J+'(%?,+S% ,8+'P&,8($% )J&+,*:.J&./% ,8+'P&,8%>Wd#% ,8%'8A7+S'.,J.%
cells11, 395% ,8+'P&,8%>Wd#% ,(% E7:8A% .,8,8P% .J+'&J.% *'..%@7&A'&(%?S'&'% ,+(% .7*J.,cJ+,78% ,(%
believed to contribute to assembly and maintenance of cell-cell contacts and barrier 
function11, 27. Although integrins are critically involved in the process of angiogenesis, 
&'*'8+%R8A,8P(%(:PP'(+% +SJ+% !B% ,(%87+%J8%J8P,7+&7)S,*% EJ*+7&% +SJ+% ,(% &'e:,&'A% E7&%
endothelial cell survival, but is instead part of the endothelial cell angiogenesis 
machinery, mediating migration, proliferation, and degradation of the extracellular 
matrix40. This feature of CD9 is likely achieved by interacting with other membrane-
associated proteins, including integrins and HB-EGF41, 42.
 Functionality of CD9 at the endothelial cell barrier is further evidenced by 
the outcome the permeability measurements of the endothelial barrier. Treatment 
7E%S TU V!W%*'..(%?,+S%J8+,= !B%KO@%SJK)'&'A%<M; =A'9+&J8%.'J`JP'%J*&7((%+S'%
endothelial barrier. In concordance with the immunohistochemical data concerning 
 !B%'9)&'((,78$%*:.+:&'A%'8A7+S'.,J.%*'..(%A'K78(+&J+'A%(,P8,R*J8+./%,8*&'J('A% !B%
+&J8(*&,)+(%:)78%'9)7(:&'% +7%;1<=>5%;S,(%7@('&-J+,78%KJ/% ,8% EJ*+%SJ-'%@,7.7P,*J.%
relevance that can be deduced from our experiments using anti-CD9 mAb on the 
in vitro BBB. Here we observed a marked increase in barrier resistance that might 
D I S C U S S I O N
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be lost in MS brain lesions when vascular CD9 becomes locally up-regulated. In 
turn, this potentially decreased resistance might act as a mechanism leading to 
elevated BBB permeability. Therefore, increased vascular CD9 expression in MS 
.'(,78(%K,PS+%A,&'*+./% EJ*,.,+J+'% .':`7*/+'% ,8R.+&J+,78% in vivo, a process well known 
to be associated with MS lesion formation1, 16. TSPs were recently shown to 
relocate to endothelial docking structures and are involved in leukocyte adhesion 
and migration8, 435%b'%+S'&'E7&'%,8-'(+,PJ+'A%?S'+S'&%;\X(%,8%S TU V!W%*'..(%J&'%
involved in monocyte transmigration. Interestingly, anti- CD9 and CD81 mAbs are 
able to limit transendothelial monocyte migration. Given the pronounced effect 
of CD9 blockage on barrier resistance, transport, and monocyte migration, we 
J.(7%*78R&K'A% +SJ+%@.7*`,8P% !B%SJ(%(,K,.J&% ,8S,@,+7&/%'EE'*+(%78%'8SJ8*'A%[[[%
)'&K'J@,.,+/% J8A% .':`7*/+'% +&J8(K,P&J+,78% :8A'&% ,8LJKKJ+7&/% *78A,+,78(5% ;S,(%
,K).,'(% +SJ+%  !B% E:8*+,78(% ,8% J% ('++,8P% +SJ+% *.7('./% &'('K@.'(% +S'% ,8LJKKJ+7&/%
milieu typically associated with MS pathogenesis in the brain. Moreover, we have 
shown previously that therapeutic targeting of CD81 with monoclonal antibodies 
limits cellular migration into the CNS, indicating the importance of these molecules 
in neurological disorders10.
 In conclusion, we here show that the expression of CD9 is modestly altered 
in active MS brain lesions. Likewise, we observed changes in brain endothelial cells 
J8A% )&,KJ&/% J(+&7*/+'(% :8A'&% ,8LJKKJ+7&/% *78A,+,78(5%O8+,= !B% ,8*&'J('A% @&J,8%
endothelial cell barrier resistance and therapeutic targeting of TSPs with blocking 
antibodies reduced transendothelial migration of monocytes. These processes are 
highly relevant for MS lesion formation and as such TSPs likely have therapeutic 
potential in treatment of MS.
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Sphingolipids are a class of biologically active lipids that have a role in multiple 
@,7.7P,*J.%)&7*'(('(% ,8*.:A,8P% ,8LJKKJ+,785%\)S,8P7.,),A(%'9'&+% +S',&% E:8*+,78(%@/%
A,&'*+% (,P8J.,8P% 7&% +S&7:PS% (,P8J.,8P% @/% +S',&% ()'*,R*% &'*')+7&(5% XS7()S7&/.J+'A%
<;gDQC%0<;gDQCX4%,(%J%()S,8P7(,8'%#=)S7()SJ+'%0\#X4%J8J.7P:'%+SJ+%,(%*:&&'8+./%
in trial for treatment of multiple sclerosis (MS), which targets all S1P receptors but 
S1P
2
5%;7%AJ+'%S7?'-'&$%,+%&'KJ,8(%:8`87?8%?S'+S'&%<;gDQCX%KJ/%'9'&+%A,&'*+%J8+,=
,8LJKKJ+7&/%'EE'*+(%?,+S,8%+S'%*'8+&J.%8'&-7:(%(/(+'K%0 1\4$%(,8*'%AJ+J%*78*'&8,8P%
S1P receptor expression and regulation under pathological conditions in the human 
brain are lacking. To investigate potential regulation of S1P receptors in the human 
brain during MS, we performed immunohistochemical analysis of S1P receptor 1 and 
3 expression in well-characterized MS lesions. A strong increase in S1P receptor 1 
and 3 expression on reactive astrocytes was detected in active and chronic inactive 
MS lesions. In addition, we treated primary cultures of human astrocytes with the pro-
,8LJKKJ+7&/%*/+7`,8'%+:K7&%8'*&7(,(%EJ*+7&=J.)SJ%0;1<=>4%+7%,A'8+,E/%+S'%&'P:.J+,78%
of S1P
#VW%
on astrocytes under pathological conditions. Importantly, we demonstrate 
+SJ+%<;gDQCX%'9'&+(%J8%J8+,=,8LJKKJ+7&/%J*+,78%78%S:KJ8%J(+&7*/+'(%@/% .,K,+,8P%
('*&'+,78% 7E% )&7=,8LJKKJ+7&/% */+7`,8'(5% f:&% AJ+J% A'K78(+&J+'% +SJ+% &'J*+,-'%
J(+&7*/+'(% ,8%T\% .'(,78(%J8A%*:.+:&'A%:8A'&%)&7=,8LJKKJ+7&/%*78A,+,78(%(+&78P./%
enhance expression of S1P receptors 1 and 3. Results from this study indicate that 
J(+&7*/+'(%KJ/%J*+%J(%J%/'+%:8`87?8%+J&P'+%?,+S,8%+S'% 1\%E7&%+S'%J8+,=,8LJKKJ+7&/%
'EE'*+(%7@('&-'A%JE+'&%<;gDQCX%JAK,8,(+&J+,78%,8%+S'%+&'J+K'8+%7E%T\5
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Sphingosine 1-phosphate (S1P) receptors belong to the endothelial differentiation 
gene (EDG) receptor family which is comprised of eight different G-protein-coupled 
&'*')+7&(5% ;S'% \#X% &'*')+7&% EJK,./% ?J(% R&(+% 8JK'A% U!Y
1-8
 but were renamed 
as S1P
1
 (EDG
1
), S1P
2
 (EDG
5
), S1P
3
 (EDG
3
), S1P
4
 (EDG
6
), and S1P
5
 (EDG
8
)1. 
S1P receptors are differentially expressed throughout tissues but whereas S1P
1-
3
 receptors are widely distributed, S1P
4
 receptor expression is more restricted to 
the lung, spleen and thymus. In contrast, S1P
5
 expression is reported to be more 
restricted to the skin, spleen and brain2. Binding of the endogenous ligand S1P results 
in activation of various signaling pathways given that the receptors are coupled to 
different G proteins. Due to the diverse signaling routes, S1P can induce divergent 
and sometimes opposing cellular effects. 
 S1P is a signaling molecule generated through phosphorylation of 
sphingosine by sphingosine kinases (SphKs). As such, S1P is involved in various 
biological processes like cell growth and survival, vasculogenesis, angiogenesis, 
neurogenesis, and immune function3. High concentrations of S1P can be found in 
the plasma but only a small fraction is available for signaling since most S1P is bound 
to albumin and high density lipoprotein (HDL)4. Activated platelets, endothelial cells 
and red blood cells may be responsible for high S1P plasma levels via S1P release, 
however many other cells can synthesize S1P in response to extracellular stimuli5-7. 
XS7()S7&/.J+'A% <;gDQC% 0<;gDQCX4% 0<,8P7.,K7A$% 17-J&+,(% XSJ&KJ4$% ,(% J% \#X%
analogue which is currently in clinical development (phase III) for treatment of 
&'.J)(,8P=&'K,++,8P% K:.+,).'% (*.'&7(,(% 0NNT\45% <;gDQCX% ,(% &')7&+'A% +7% &'A:*'%
both relapse rate and formation of gadolinium-diethyltriaminepentaacetic acid (Gd-
DPTA) enhancing lesions as measured by magnetic resonance imaging8. It was 
A'K78(+&J+'A% +SJ+% <;gDQCX% &'A:*'A% +S'%  !3% J8A%  !"% ;% *'..% *7:8+(% J8A% +S',&%
)&7.,E'&J+,-'%*J)J*,+/% ,8%T\%)J+,'8+(%JE+'&%<;gDQC% +&'J+K'8+9. Due to its lipophilic 
*SJ&J*+'&%<;gDQC%,(%J@.'%+7%J**'((%+S'%@&J,8%?S'&'%+S'%.7*J.%()S,8P7(,8'%`,8J('(%
J&'% +S7:PS+% +7%)S7()S7&/.J+'%<;gDQC% ,8+7% ,+(% @,7.7P,*J../% J*+,-'% E7&K%<;gDQCX10. 
<;gDQCX%,(%J%)7+'8+%\#X%&'*')+7&%K7A:.J+7&%J8A%@,8A(%?,+S%S,PS%JER8,+/%+7%\#X
1
, S1P
3
, 
S1P
4
 and S1P
5
 receptors115%O.+S7:PS%<;gDQCX%,(%+S7:PS+%+7%J*+%J(%J8%JP78,(+%E7&%\#X%
receptors it is also described as a functional antagonist since studies demonstrate 
<;gDQCX% ,8A:*'A% \#X
1
 receptor internalization and partial degradation12, 12, 12, 13. 
Other receptor isoforms seem more resistant to internalization upon stimulation 
?,+S%<;gDQCX12. As a result of S1P
1
 internalization, lymphocytes (transiently) lose 
their responsiveness towards S1P and remain sequestered in secondary lymphoid 
organs145%N'(:.+,8P%./K)S7)'8,J%,(%*78(,A'&'A%+7%@'%&'()78(,@.'%E7&%+S'%@'8'R*,J.%
'EE'*+(%,8%+&'J+K'8+%7E%T\$%S7?'-'&%<;gDQCX%(,P8J.,8P%,8%+S'%@&J,8%&'KJ,8(%+7%@'%
elucidated15. 
% \'-'&J.% (+:A,'(% A'K78(+&J+'% *'..% +/)'% ()'*,R*% \#X% &'*')+7&% '9)&'((,78%
in brains of mainly rodents or on cells isolated from human brain, however, data 
I N T R O D U C T I O N
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about S1P receptor expression in the human central nervous system (CNS) under 
)J+S7.7P,*J.%*78A,+,78(%J&'%.J*`,8P5%X&'('8*'%7E%@7+S%<;gDQCX%J8A%\#X%&'*')+7&(%
,8% +S'%@&J,8%KJ/%&'(:.+% ,8% +S'% ,8-7.-'K'8+%7E% .7*J.%/'+%:8,A'8+,R'A%K'*SJ8,(K(% ,8%
JAA,+,78% +7% +S'% (/(+'K,*% 'EE'*+% 7E% <;gDQCX% A'(*&,@'A% @'E7&'5% ;7% '.:*,AJ+'% 87-'.%
+J&P'+%*7K)J&+K'8+(%E7&%<;gDQCX%?,+S,8%+S'% 1\%,+%,(%*&:*,J.%+7%&'-'J.%\#X%&'*')+7&%
'9)&'((,78% J8A% &'P:.J+,78% :8A'&% )J+S7.7P,*J.% *78A,+,78(5% b'% S'&'% J&'% +S'% R&(+%
to report enhanced astrocytic expression of S1P receptors in human MS brain 
tissue making them a likely cellular target compartment that may contribute to the 
+S'&J)':+,*%,K)J*+%7E%<;gDQC5
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Autopsy material
Brain tissue from eight patients with clinically diagnosed and neuropathologically 
*78R&K'A%T\%?J(%7@+J,8'A%J+%&J),A%J:+7)(/%J8A%,KK'A,J+'./%E&7c'8%,8%.,e:,A%8,+&7P'8%
7&%R9'A%,8%E7&KJ.,8%0,8%*7..J@7&J+,78%?,+S%;S'%1'+S'&.J8A(%[&J,8%[J8`$%*77&A,8J+7&%!&5%
Huitinga). The Netherlands Brain Bank received permission to perform autopsies, 
for the use of tissue, and for access to medical records for research purposes 
from the Ethical Committee of the VU University Medical Center, Amsterdam, The 
Netherlands. Tissue samples from three control cases without neurological disease 
were taken from the subcortical white matter and corpus callosum. White matter 
MS tissue samples were selected on the basis of postmortem MRI. All patients and 
controls, or their next of kin, had given informed consent for autopsy and the use of 
their brain tissue for research purposes (Table 1).
Immunocytochemistry
CHO-Flp-in cells (Invitrogen) stably expressing N-terminally His-tagged human 
S1P
1
16, S1P
2
17, S1P
3
18, S1P
4
 or S1P
5
 receptors, or CHO-Flp-in cells transfected with 
empty plasmid (mock cells) were plated in a 96-well plate coated with poly-L-lysine 
M A T E R I A L S  A N D  M E T H O D S
Case Age (years) Type of 
MS 
Sex Post-mortem 
delay (h:min) 
Disease 
Duration 
(years) 
Cause of death 
1 66 ND M 8 ND Sepsis 
2 48 SP F 6 21 Congestive heart 
failure 
3 69 SP M 10 34 Cardiac arrest 
4 44 PP F 10 8 Decompensation 
5 48 SP F 5 25 Euthanasia 
6 64 PP M 7 34 End stage MS 
7 52 SP F 8 22 Resp. failure 
8 69 RR F 8 53 Resp. failure with 
heart failure 
9 41 PP M 7 14 - 
10 53 SP F 11 27 Euthanasia 
Control 89 NA F 6 NA Old age 
Control 89 NA M 16 NA Dehydration 
Control 84 NA F 5 NA Resp. failure 
. 
\X%2%('*78AJ&/%)&7P&'((,-'%T\F%XX%2%)&,KJ&/%)&7P&'((,-'%T\F%1!%2%87+%A'+'&K,8'AF%K%2%KJ.'F%E%2%E'KJ.'
7.14)(:(;4','%.4(2.".($-(/0(+."'),"!(.,2(,$,<,)5#$4$='%.4(%$,"#$4!
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0\,PKJ4% ,8% <#Q% K'A,:K% 0Y,@*74% (:)).'K'8+'A% ?,+S% #Ca% *SJ&*7J.=(+&,))'A% <[\%
0Y,@*74$%)'8,*,..,8%J8A%(+&')+7K/*,8%0Y,@*745% '..(%?'&'%R9'A%?,+S%W5_a%E7&KJ.A'S/A'%
(Sigma) in PBS (Gibco) in the presence (permeabilized cells) or absence (intact cells) 
7E%C5#a%;&,+78%0\,PKJ4%E7&%#I%K,8%J+%N;5%\:@('e:'8+./$%*'..(%?'&'%@.7*`'A%?,+S%X[\%
*78+J,8,8P%Qa%[\O%0\,PKJ4%J8A%?'&'%,8*:@J+'A%?,+S%&J@@,+%J8+,=\#X
1
 antibody (Acris 
SP4617P, dilution 1:50) rabbit anti-S1P
3
 antibody (Lifespan LS-C22994, dilution 
1:50) or mouse anti-His G antibody (Invitrogen, dilution 1:300) in PBS containing 
C5#a%[\O5%1'9+$%*'..(%?'&'%?J(S'A%J8A%,8*:@J+'A%?,+S%+S'%J))&7)&,J+'%O.'9J%<.:7&%
3""=*78l:PJ+'A% ('*78AJ&/% J8+,@7A/% 0M8-,+&7P'8$% #]ICC4% ,8% X[\% *78+J,8,8P% C5#a%
[\O5%<.:7&'(*'8*'%?J(%e:J8+,R'A%?,+S%J%bJ..J*%#3QC%m,*+7&2 (PerkinElmer) using 
3BCVIWI%8K%'9*,+J+,78%J8A%'K,((,78%R.+'&(5%MKJP'(%?'&'%+J`'8%J+%QCC9%KJP8,R*J+,78%
:(,8P%J%1,`78%U*.,)('%;UQCCC=6%L:7&'(*'8*'%K,*&7(*7)'%0X.J8%<.:7&%Ujb!%QC9%
objective, Nikon DXM1200F digital camera) with NIS Elements AR 2.30 software.
Immunohistochemistry
<7&%,KK:87S,(+7*S'K,*J.%J8J./(,($%I=oK%*&/7('*+,78(%?'&'%)&7*'(('A%J8A%(+J,8'A%J(%
described previously195%[&,'L/$%('*+,78(%?'&'%,8*:@J+'A%7-'&8,PS+%J+%3p %?,+S%)&,KJ&/%
antibodies against S1P
1
 (SP4617P, Acris-antibodies GmbH, Herford, Germany) and 
S1P
3
 (AS61, Sigma, MO, USA and LS-C22994, Lifespan, WA, USA). Subsequently, 
sections were incubated with EnVision+ Dual Link (DAKO, Glostrup, Denmark) 
J**7&A,8P%+7%+S'%KJ8:EJ*+:&'&q(%A'(*&,)+,785%!,JK,87@'8c,A,8'%+'+&J*S.7&,A'%0!O[F%
DAKO, Glostrup, Denmark) was used as the chromogen. All antibodies (Table 2) 
?'&'%A,.:+'A%,8%X[\%*78+J,8,8P%C5#a%@7-,8'%('&:K%J.@:K,8%0[7'S&,8P'&%TJ88S',K$%
Mannheim, Germany), which also served as a negative control.
 For colocalization studies, sections were incubated for 30 minutes with 
Ia%J8,KJ.%('&:K$%+S'%(7:&*'%7E%?S,*S%?J(%A'+'&K,8'A%@/%+S'%()'*,R*%('*78AJ&/%
antibody used. Subsequently, sections were incubated with antibodies against S1P 
receptors as described. To detect S1P
1
 and S1P
3
 we used Alexa 488 labeled goat 
anti-rabbit (Molecular Probes, Leiden, The Netherlands. To identify T-cells we used 
monoclonal anti-CD3, to identify B-cells we used monoclonal anti-CD20, and to 
identify monocytes and macrophages we used monoclonal anti-CD68 (DAKO). All 
were detected by goat anti-mouse Alexa 555 (Molecular Probes). Monoclonal anti-
P.,J.%R@&,..J&/%)&7+',8%0Y<OX4%0!Ohf4%?J(%:('A%+7%,A'8+,E/%J(+&7*/+'(5%<7&%A'+'*+,78%
of GFAP we used Alexa 594 labeled goat anti-rabbit (Molecular Probes).
Astrocyte isolation, culture and treatment
Adult primary human astrocytes were isolated from white matter (n=3) of ("*,%"7,0% 
brain specimens of non-neurological controls obtained at autopsy through the 
Netherlands Brain Bank, and cultured as described previously20. In brief, cerebral 
()'*,K'8(%?'&'%*7..'*+'A%,8%!TUTVZOT=<#C%#]#%*78+J,8,8P%P'8+JK/*,8%0M8-,+&7P'8$%
Carlsbad, CA, USA). Upon removal of visible blood vessels and meninges, 
()'*,K'8(%?'&'%S7K7P'8,c'A%J8A%A,P'(+'A%?,+S%Q5I%KPVKj%+&/)(,8%0\,PKJ%O.A&,*S$%
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St. Louis, MO, USA) at 37°C for 20 min in the presence of bovine pancreatic DNAse 
I (Boehringer Mannheim). Cell suspensions, both primary human astrocytes and the 
human astrocytoma cell line U373, were allowed to adhere to poly-L-lysine coated 
 !"#!$%&'()*)&+,-,./&"(01%0)%"23"4/&5%$6(078&(04&1$390&()&6303"(7%$& !"#!$%)&
:0&;<=<>?@<ABCD& +CEC8& 30#(:0:01&CDF&+G>G8& H%#("& ("H&)%$!6&+I.,&J:36%4: (")/&
I$G:0%/& .@/&-K@8/& CDD& I->6L& M%0: :"":0/& (04& ND& O1>6L& )#$%M#367 :0& :0& P!6:4:Q%4&
(:$&9:#P&NF&.R
2
 at 37°C. For receptor expression cells were left untreated or were 
#$%(#%4&9:#P&CDD&->6"&S,BAT& H3$&UV&P3!$)W&B3$& #P%& P%63*:0%&=LIK@/&  %"")&9%$%&
#$%(#%4&9:#P&BSXYUDZ& += P%"30&J:3) :%0 %)/&-#(P/&-K@8&3$&G%P: "%&U&P3!$)&M$:3$&
#3&S,BAT& %[M3)!$%& (04& 4!$:01&S,BAT& %[M3)!$%W&@H#%$& UV& P3!$)& )!M%$0(#(0#&9()&
collected for analysis. 
Quantitative PCR
All oligonucleotides were synthesized by Ocimum Biosolutions (Ocimum 
Biosolutions, IJsselstein, the Netherlands). Following primer sequences 
9%$%& !)%4\& KCZCB& N]AS5.555@@555@5S@S5SSSA^]/& KCZC_&
5’-CGATGGCGAGGAGACTGAAC-3’, S1P3F 5’-TGCAGCTTCATCGTCTTGGAG-3’, 
S1P3R 5’-GCCAATGAAAAAGTACATGCGG-3’. Messenger RNA was isolated from 
primary human astrocytes using a mRNA capture kit (Roche) according to the 
manufacturer’s instructions. cDNA was synthesized with the Reverse Transcription 
System kit (Promega, USA) following manufacturer’s guidelines. Quantitative PCR 
(qPCR) reactions were performed in an ABI7900HT sequence detection system with 
#P%&KXJ_&5$%%0&6%#P34&+@MM":%4&J:3)7)#%6)/&-K@8W&R2#(:0%4&%[M$%)):30&"%G%")&3H&
transcripts were normalized to GAPDH expression levels. 
 
   
Primary antibody   
CD68 1:1000 DAKO, Glostrup, Denmark 
Proteolipid protein (clone plpc1) 1:500 Serotec Ltd, Oxford, UK 
Major histocompatibility complex class II 1:100 DAKO 
S1P1 1:500 Acris-antibodies GmbH, Herford, Germany 
S1P3 1:200 Sigma, MO, USA 
S1P3 1:100 Lifespan, Seattle, WA, USA 
CD3 1:200 DAKO 
CD20 1:100 DAKO 
CD68 1:1000 DAKO 
Glial fibrillary acidic protein (mono clonal) 1:10 DAKO 
 !"#$%&%'()*!(+%!,-)"./)$0
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Chemokine ELISA
Human MCP-1 chemokine production was measured by ELISA according to 
6(0!H( #!$%$])& :0)#$! #:30)&+J:3K3!$ %/& I0G:#$31%0/&.($")2(4/&.@8W&J$:%'7E&M$:6($7&
capture antibodies were bound to Immunosorp (Nunc) 96 wells plates o.n. at room 
temperature. After extensive washing and blocking with BSA, astrocyte supernatants 
and standards were diluted and incubated for 1 hour at room temperature in the 
ELISA plates. Next, plates were washed and incubated with capture antibody at 
room temperature for 1 hour. Following extensive washing, samples were incubated 
with horse peroxidase (HRP) labelled streptavidin  for one hour. After washing, 
the ELISA plates were exposed to tetramethylbenzidine (TMB) to initiate the color 
$%( #:30W&SP:)&$%( #:30&9()&)#3MM%4&9:#P&(&CDF&?
2
SO
4
 solution and the ELISA plate 
was measured at 450 nm in a platereader (BioRad, Hercules, CA).
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12$3)43)-+%.5%!,-)617'
1
 and anti-S1P
3
%!,-)"./)$0.
I0&3$4%$& #3&4%#%$6:0%& #P%&)M% :Q :#7&3H& #P%&(0#:234:%)&!)%4& :0& #P:)&)#!47/&9%&!)%4&
CHO-Flp-in cells over-expressing N-terminally His-tagged human S1P receptors21, 
22. Using an antibody directed against the His-tag, we determined expression of each 
S1P receptor subtype compared to mock transfected cells serving as a control (data 
not shown). While S1P
2
 to S1P
5
-expressing cells showed staining comparable to 
control cells (Fig 1A,C,D,F), S1P
1
-expressing cells showed increased membrane 
)#(:0:01& +B:1& CJ& (04& C58/& 4%630)#$(#:01& )M% :Q :#7& H3$& #P%& KCZ
1
 receptor. The 
relatively high background signal obtained in control cells may be due to expression 
of endogenous S1P
1
 receptors in CHO cells23W&KM% :Q :#7&3H&#P%&(0#:AKCZ
3
 antibody is 
)P390&:0&B:1&C?>,W&Z$303!0 %4&6%62$(0%&%[M$%)):30&:)&)P390&:0&KCZ
3
-expressing 
cells (Fig 1K and 1N), but not in cells expressing other S1P receptor subtypes or 
control cells (Fig 1H,I,J,L,M,N). 
8#!00)43!-).,%.5%91%#$0).,0
."()):Q (#:30&3H&<K&"%):30)&9()&2()%4&30&:66!03P:)#3 P%6: ("&(0("7):)&H3$&67%":0&
+M$3#%3":M:4&M$3#%:08&+B:1&C@8&(04&:0'(66(#3$7& %"")&+(0#:A<?.& "())&II8+B:1&CJ8&()&
described previously24, 25& J()%4& 30& #P%)%& Q04:01)&9%& :4%0#:Q%4& CV& ( #:G%& "%):30)&
containing abundant phagocytic perivascular and parenchymal macrophages 
containing myelin degradation products (Fig 1A and 1B)  and 3 chronic inactive 
lesions containing low amounts of MHC class II positive cells (Fig 1C and 1D. Brain 
tissue from all controls and patients, described in table 1, was used for S1P
1
 and 
S1P
3
  immunohistochemical analysis. 
Upregulation of S1P
1
 and S1P
3
 receptors in MS lesions
Immunohistochemical analysis of white matter from non-neurological controls 
demonstrated weak expression of S1P
1
 and S1P
3
 receptors in astrocytes (Fig 2E 
and 3A). In normal appearing white matter (NAWM) we observed slightly enhanced 
S1P
1
 and S1P
3 
staining in astrocytes, which was more pronounced and consistent 
for S1P
1
 than for S1P
3
 (Fig 2F and 3B). Interestingly, in both active (Fig 2G and 3C) 
and inactive MS lesions (Fig 2H and 3D) we observed a strong increase in both S1P
1
 
and S1P
3
 expression in hypertrophic astrocytes. S1P
1
 and S1P
3
 expression was 
consistently increased throughout the active and inactive MS lesions from all MS 
M(#:%0#)&4%) $:2%4&:0&#(2"%&CW&I0&Q1!$%&U@>;& 36M($(#:G%&)#!4:%)&!):01&#93&4:HH%$%0#&
antibodies were performed to detect S1P
3
 expression, antibody clone AS61 (Sigma), 
and LS-C22994 (LifeSpan), which were also used for immunohistochemical analysis 
(Fig 3E and 3F). Both antibodies show similar increased expression of S1P
3
 on 
hypertrophic astrocytes (Fig 3C and 3F) compared to NAWM (Fig 3B and 3E). 
R E S U L T S
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Figure 1. S1P
1
 and S1P
3
%!,-)"./+%02$3)43)-+
CHO-Flp-in cells stably expressing S1P
1-5
 receptors are stained with the anti-S1P
1
&+@>B8&(04&(0#:AKCZ
3
 
+?><8&(0#:2347W&K#(:0:01&:0#%0):#:%)&3H&#P%&(0#:AKCZ
1
 (G) and anti-S1P
3
 (N) antibody on all S1P receptor 
%[M$%)):01&.?R& %"")&9%$%&`!(0#:Q%4&(04&)P39&(0#:2347&)M% :Q :#7&H3$&23#P&#P%&(0#:AKCZ
1
(G) and anti-
S1P
3
 (N) antibody.
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Astrocytes express S1P
1
 and S1P
3
 receptors
Colocalization studies using double 
:66!03'!3$%) %0 %& )#(:0:01& 3H& #P%& ()#$3 7#: &
marker GFAP (Fig 4A and Fig 4D) with S1P
1
 and 
S1P
3
&+B:1&VJ&(04&B:1&V=&$%)M% #:G%"78& 30Q$6%4&
that astrocytes are the most predominant S1P
1
 
and S1P
3
 immunoreactive cell type (Fig 4C and 
4F respectively). In addition to S1P
1 
and S1P
3
 
positive astrocytes other cell types in active MS 
lesions show strong immunoreactivity towards 
S1P
1
 and S1P
3
 (arrow heads).
S1P
1
 and S1P
3
 receptor expression on 
),4#-(!-$/%)**:,$%3$##0
Immunohistochemical analysis was performed to 
identify which additional cell types in active MS 
lesions express S1P
1
 and S1P
3
. In particular, their 
expression on T-cells (using CD3 as a marker), on 
B-cells (using CD20 as marker) and monocyte-
derived macrophages (CD68 positivity) was 
analyzed. Results indicate that both B-cells (Fig 
5A and 5D) and T-cells (Fig 5B and 5E) express 
both S1P
1
 and S1P
3
 in MS lesions (Fig 5A and 
5D). Both S1P
1
 and S1P
3
 expressing T-cells 
can be found (arrows)(Fig 5B and 5E) however 
T-cells without S1P
3
 expression can be found in 
MS lesions (arrow heads)(Fig 5E).  In contrast, 
macrophages show low to no expression of S1P
3
 
(arrows)(Fig 5F), however S1P
1
 expressing CD68 
positive cells can be found (arrow head)(Fig 5C).
Increased expression of S1P
1
 and S1P
3
 mRNA 
in U373 astrocytoma cells and responsiveness 
towards FTY720P
To study whether mRNA levels of both S1P
1
 
and S1P
3
 in astrocytes are regulated under 
:0'(66(#3$7& 304:#:30)/&9%&0%[#&(0("7a%4&KCZ&
Figure 2. S1P
1
 receptor expression in active and chronic inactive MS lesions
Active MS lesions are characterized by loss of myelin (PLP)(A) and presence of MHC-II positive cells 
(B). Inactive MS lesions are characterized by demyelination (C) and few MHC-II positive cells (D). Weak 
expression of S1P
1
 in astrocytes (arrow) was observed in control brain tissue (E). S1P
1
 staining was 
upregulated in astrocytes (arrow) in NAWM (F) and dramatically increased in hypertrophic astrocytes 
(arrow) in active MS lesions (G). Astrocytes in inactive MS lesions displayed strong S1P
1
 immunoreactivity 
(H). 
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$% %M#3$& 6_,@& %[M$%)):30& :0& $%)#:01& (04& S,BAT& #$%(#%4& P!6(0& ()#$3 7#%)& 27&
qPCR. In addition, since both S1P
1
 and S1P
3
&($%&#($1%#)&H3$&BSXYUDZ&9%&)#!4:%4&
9P%#P%$&-^Y^& %"")&($%&$%)M30):G%&#39($4)&BSXYUDZ&#$%(#6%0#&!04%$&:0'(66(#3$7&
conditions. As being an important chemoattractant during MS pathology we used 
MCP-1 as read out parameter to measure responsiveness of astrocytes towards 
BSXYUDZW&J3#P&KCZ
1
 and S1P
3
 are moderately expressed in the astrocytoma cell 
":0%&-^Y^&!04%$&$%)#:01& 304:#:30)W&I0#%$%)#:01"7/&(H#%$&UV&P3!$)&3H&S,BAT&#$%(#6%0#&
we observed moderate upregulation of S1P
1
 and strong upregulation of S1P
3
 mRNA 
Figure 3. S1P
3
 receptor expression active and chronic inactive MS lesions.
Astrocytes (arrow) in control brain tissue show weak expression of S1P
3
 (A), while expression in astrocytes 
(arrow) in NAWM is slightly increased (B). S1P
3
 expression in hypertrophic astrocytes (arrow) in active 
demyelinating MS lesions is strongly increased (C) and remains highly epxressed in astrocytes (arrow) in 
inactive MS lesions (D). Both anti-S1P
3
 antibodies described in table 2 were used and in accordance with 
the sigma antibody, the Lifespan antibody shows strong expression of S1P
3
 on hypertrophic astrocytes in 
both active (F) and inactive (data not shown) MS lesions compared to NAWM (E). 
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+B:1&b@8W&=[M3)!$%&3H&-^Y^& %"")&#3&S,BAT&H3$&UV&P3!$)&$%)!"#)&:0&(&)#$301&$%"%()%&
of MCP-1 compared to resting astrocytoma as measured by ELISA. Treatment of 
-^Y^& %"")&9:#P&BSXYUDZ&U&P3!$)&M$:3$&#3&S,BAT&%[M3)!$%&$%)!"#)&:0&(& 30 %0#$(#:30&
dependent decrease of MCP-1 release, demonstrating responsiveness towards 
BSXYUDZ&+B:1&bJ8W
Increased expression of S1P
1
 and S1P
3
 mRNA in primary human astrocytes 
and responsiveness towards FTY720P
Astrocytes isolated from three different donors (non-neurological controls) show 
increased mRNA expression levels for both S1P
1
 and S1P
3
&!M30&S,BAT&%[M3)!$%&
(Fig 7A). Exposure of primary cultures of human astrocytes isolated from three 
4:HH%$%0#&4303$)&#3&S,BAT&$%)!"#%4&:0&(&)#$301&$%"%()%&3H&<.ZAC&+B:1&YJ8W&@"#P3!1P&
4303$&#3&4303$&G($:(#:30&9()&32)%$G%4/&(""&()#$3 7#%& !"#!$%)&$%)M304%4&#3&BSXYUDZ&
and showed a similar reduction in relative secretion of MCP-1 (Fig 7B). When 
 362:0%4/&#P%&M$:6($7&P!6(0&()#$3 7#%)&)P39&(&^DF&$%4! #:30&:0&S,BAT&:04! %4&
<.ZAC& )% $%#:30& !M30& BSXYUDZ& #$%(#6%0#& :04: (#:01& #P(#& BSXYUDZ& $%4! %)& #P%&
M$3A:0'(6(#3$7&$%)M30)%&3H&()#$3 7#%)&+B:1&YJ8W
Figure 4. S1P
1
 and S1P
3
%!($%$;2($00$/%"+%($!3-)<$%!0-(.3+-$0=
.3"3 (":a(#:30&)#!4:%)& 30Q$6%4&#P(#&()#$3 7#%)&+($$39)8&($%&#P%&M$%436:0(0#& %""&#7M%&%[M$%)):01&KCZ
1
 
and S1P
3
 (C and F respectively). GFAP is shown in red (A, active MS lesion and D, inactive MS lesion) 
and S1P
1
 and S1P
3
 are shown in green (B, S1P
1 
active MS lesion and E, S1P
3 
inactive MS lesion). S1P
1
 
and S1P
3
& %[M$%)):30& :)& (")3& 32)%$G%4& 30& :0Q"#$(#%4& :66!0%&  %"")& +KCZ
1
 arrow heads, S1P
3
 data not 
shown).
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Figure 5. S1P
1
 and S1P
3
%!($%$;2($00$/%"+%),4#-(!-$/%)**:,$%3$##0=
.3"3 (":a(#:30& )#!4:%)&  30Q$6%4& #P(#& #P%& (44:#:30("&  %""& #7M%)& :0&<K& "%):30)& %[M$%)):01& KCZ
1
& (04>3$&
S1P
3
& ($%& :0Q"#$(#%4& :66!0%&  %"")W&KCZ
1
 is shown in red and CD20 for B-cells is shown in green (A), 
S1P
1
 is shown in red and CD3 for T-cells is shown in green (B). S1P
1
 is shown in red and CD68 for 
macrophages is shown in green (C). S1P
3
 is shown in red and CD20 is shown in green (D). S1P
3
 is 
shown in red and CD3 is shown in green (E). S1P
3
 is shown in red and CD68 is shown in green (F).
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ZP3)MP3$7"(#%4& BSXYUD& :)& (& M3#%0#& 03G%"& 030A)%"% #:G%& KCZ& $% %M#3$& (130:)#&
that reduces relapse rates and formation of new Gd-enhancing lesions in RRMS 
patients by inducing lymphopenia26W&R!$&$%)!"#)&($%&#P%&Q$)#&#3&)!11%)#&#P(#&BSXYUD&
6(7& (")3& %[%$#& (0#:A:0'(66(#3$7& ( #:30& 9:#P:0& #P%& .,K& 27& $%4! :01& #P%& M$3A
:0'(66(#3$7&$%)M30)%&#P$3!1P&%0P(0 %4&%[M$%)):30&3H&KCZC&(04&KCZ^&$% %M#3$)&
on astrocytes. We show that in control human white matter, S1P
1
 and S1P
3 
receptor 
immunoreactivity is mainly observed in astrocytes. Interestingly, in MS brain tissue 
we found a strong increase in expression levels of both S1P
1
 and S1P
3 
compared 
to NAWM and white matter from non-neurological controls. S1P
1
 and S1P
3
 
immunoreactivity was consistently upregulated in reactive astrocytes in active, and 
in inactive MS lesions. In addition, we found enhanced mRNA levels of S1P
1
 and 
S1P
3
&:0&S,BAT&#$%(#%4&-^Y^& %"")&(04&M$:6($7&P!6(0&()#$3 7#%)& 36M($%4&#3&030A
#$%(#%4&()#$3 7#%)W&B:0(""7/&9%&4%630)#$(#%&$%)M30):G%0%))&3H&S,BAT&#$%(#%4&P!6(0&
()#$3 7#%)&#39($4)&BSXYUDZ&27&!):01&#P%& P%63*:0%&<.ZAC&()&$%(4&3!#&M($(6%#%$&
H3$& :0'(66(#:30W& =0P(0 %4&KCZ
1
 and S1P
3
& %[M$%)):30& !04%$& 0%!$3:0'(66(#3$7&
 304:#:30)&:04: (#%)&#P(#&()#$3 7#%)&:0&<K&"%):30)&($%&$%)M30):G%&#3&BSXYUDZ&(04&
6(7&#P%$%H3$%& 30#$:2!#%&#3&#P%&2%0%Q :("&#P%$(M%!#: &%HH% #)&:0&<K&W&
& I0& 3!$& )#!47&9%& 4%) $:2%& #P(#& BSXYUDZ& :)& (2"%& #3& $%4! %& #P%& M$34! #:30&
3H& #P%& :0'(66(#3$7&  P%63*:0%&<.ZAC& 27& ( #:G(#%4& ()#$3 7#%)/& M3)):2"7& #P$3!1P&
S1P
1
 and S1P
3
. Reactive astrocytes contribute to MS pathology by secretion of pro-
:0'(66(#3$7& 7#3*:0%)&(04& P%63*:0%)&)! P&()& ILCc/& ILAb/& ILCU&(04&<.ZAC27-29. 
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Figure 6. In vitro S1P receptor expression and FTY720P responsiveness of the U373 cell line.
Resting astrocytoma cells express both S1P
1
 and S1P
3
 !"#$% &#'() *+,-./0* 0*./12. 34 5 .!511 3460*5.* 
in mRNA levels of S1P
1
 and a strong increase in mRNA levels of S1P
3
. Results are shown as the mean 
7-18 348/623-4 9 :%;%< -7 -4* *+,*03!*42 ,*07-0!*8 34 203,13652*% :2523.23651 .3=43>6546* ?2(2*.2@ 3. 3483652*8 
A32B 5.2*03.C.D EEE , F GHGGI ?$@% &#'() 348/6*. 5 .20-4= 0*1*5.* -7 <JK(I LM 2B* 6*11 134* 34 6/12/0* 
?NGO=P!1@% ;+,-./0* -7 2B* 6*11 134* 2- '&QRSGK 0*./12. 34 5 6-46*420523-4 8*,*48*42 8*60*5.* -7 <JK(I 
release. The values represent mean ± S.E.M. of three separate experiments in triplicate on the U373 cell 
134*% :2523.23651 .3=43>6546* ?T4*(A5M 5451M.3. -7 U503546* 548 V-47*00-43W. </123,1* J-!,503.-4 &*.2@ 3. 
3483652*8 A32B 5.2*03.C.D E , F GHGN 548 EEE , F GHGGI ?V@%
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In addition, reactive astrocytes may lead to a diminished function of the blood-brain 
L5003*0 ?VVV@H 5 ,0-6*.. 2B52 6-4203L/2*. 2- 4*/0-(34X5!!523-4% '34511MH ,0-137*0523U* 
astrocytes are thought to inhibit remyelination and axonal sprouting and regeneration 
by glial scar formation30, making astrocytes an important target for treatment. 
$12*04523U*1MH 0*5623U* 5.20-6M2*. 50* C4-A4 2- ,-..*. U503-/. L*4*>6351 ,0-,*023*. 
to protect the CNS environment. Glutamate uptake, secretion of neurotrophic 
factors and expression of antioxidant enzymes are some properties of astrocytes 
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Figure 7. In vitro S1P receptor expression and FTY720P responsiveness of primary human 
astrocytes.
Resting primary human astrocytes express both S1P
1
 and S1P
3
 mRNA. Treatment of the astrocytes 
results in an increase of both S1P
1
 and S1P
3
 mRNA levels. Results are shown as the mean fold induction 
9 :%;%<% -7 ,03!50M 6/12/0*. -7 5.20-6M2*. 8*03U*8 70-! 2B0** 8377*0*42 8-4-0.% :2523.23651 .3=43>6546* 
?2(2*.2@ 3. 3483652*8 A32B 5.2*03.C.D E , F GHGN ?$@% Y4 B/!54 ,03!50M 5.20-6M2*.H '&QRSGK 20*52!*42 0*./12. 
34 5 6-46*420523-4 8*,*48*42 8*60*5.* 34 &#'() 348/6*8 <JK(I 0*1*5.* ?ZO=P!1@% "*./12. 70-! 2B0** 
8377*0*42 8-4-0. 50* 3483U38/511M .B-A4 34 203,13652* 5. !*54 9 :%;%<% 548 50* 6-!L34*8 A32B &#'() .*2 52 
IGG[% :2523.23651 .3=43>6546* ?2(2*.2@ 3. 3483652*8 A32B 5.2*03.C.D EE , F GHGGS% ?V@
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that contribute to protection of the CNS31% \* ,0-,-.* 2B52 .3=45134= -7 '&QRSGK 
U35 /,0*=/152*8 :IK 0*6*,2-0. -4 0*5623U* 5.20-6M2*. 8-A4,15M ,0-(34X5!!52-0M 
properties of astrocytes in MS lesions thereby alleviating the mentioned detrimental 
effects of reactive astrocytes in MS pathology.
 Remarkably, an increase in astrocytic S1P
1
 and S1P
3
 expression was 
already observed in the NAWM of MS patients compared to control white matter 
tissue. Upregulation of both S1P receptors in NAWM may indicate early involvement 
-7 5.20-6M2*. 34 <: ,52B-1-=M 548 .346* L-2B 0*6*,2-0. 654 L348 '&QRSGKH 
5.20-6M2*. 34 #$\< !5M 0*,0*.*42 54 *501M 250=*2 8/034= '&QRSGK 20*52!*42% 
S1P
1
 and S1P
3
 mRNA expression are induced in vitro upon stimulation of cultures 
-7 B/!54 5.20-6M2*. A32B 2B* ,0-(34X5!!52-0M !*8352-0 &#'()% &B3. 3483652*. 2B52 
2B* 34X5!!52-0M *4U30-4!*42 34 <: 1*.3-4. !5M 348**8 L* 0*.,-4.3L1* 7-0 2B* 
observed upregulation of both S1P receptors. Astrocytes in chronic inactive lesions 
continue to express high levels of S1P
1
 and S1P
3
 receptor indicating that enhanced 
S1P
1
 and S1P
3
 receptor expression is persistent in the chronic phase of the disease 
AB*4 34X5!!523-4 B5. 5L52*8% :- 750H :IK
1
 and S1P
3
 receptor expression on 
neonatal rat cortical secondary astrocytes and on murine cortical astrocytes isolated 
from P1-P3 postnatal mice was reported however, data concerning distribution of 
S1P receptors on astrocytes in MS brain tissue is lacking. Additional cells of the 
CNS express S1P receptors. For example, oligodendrocytes and oligodendrocyte 
progenitor cells (OPCs) express transcripts for S1P
1
, S1P
3
, and S1P
5
. Both cell 
2M,*. 50* 0*.,-4.3U* 2-A508. '&QRSGK% '&QRSGK .3=45134= 34 TKJ. 0*./12. 34 :IK
1
 
dependent process extension which is associated with an increased remyelination 
capacity 32, 33. Together with astrocytes, oligodendrocytes and OPCs might cooperate 
34 !*835234= 5 L*4*>6351 *77*62 34 2B* J#: -7 <: ,523*42. /,-4 '&QRSG 20*52!*42% Y4 
<: 1*.3-4.H 34>12052*8 3!!/4* 6*11. *+,0*.. L-2B :IK
1
 and S1P
3,
making them also 
5 250=*2 7-0 '&QRSGK 5. -L.*0U*8 34 2B* ,*03,B*0M 9. 
 S1P
1
 and S1P
3
 *+,0*..3-4 -4 5.20-6M2*.H 5. 8*!-4.2052*8 34 -/0 >4834=.H 
!3=B2 0*,0*.*42 5 ,-2*42351 2B*05,*/236 250=*2 2- 13!32 4*/0-(34X5!!523-4% Y4 =*4*051H 
S1P receptors are coupled to G proteins, each subtype is coupled to different G 
proteins which results in differential signal transduction properties34.  For instance, 
S1P
1
 is coupled to Gi proteins while S1P
3
 is coupled to both Gi and Gq proteins, 
which results in a differential cellular outcome after S1P binding. Interestingly, 
'&QRSGK 3. 615..3>*8 5. 5 ,502351 5=-43.2 -4 :IK
3
 receptors and a full agonist 
on S1P
1
 receptors. It has been described that upon S1P stimulation of astrocytes 
both S1P
1
 and S1P
3
 0*6*,2-0. 50* 34U-1U*8 34 .3=45134= B-A*U*0H '&QRSGK 203==*0. 
mainly S1P
1
 signaling and induces astrocyte migration through this receptor35. In 
588323-4H '&QRSGK B5. L**4 8*.603L*8 2- .23!/152* *+2056*11/150 .3=451(0*=/152*8 
kinase (ERK) phosphorylation through S1P
1
36 possibly resulting in cell proliferation. 
S1P receptor internalization and degradation has been described to be a mode 
of action in lymphocyte sequestration in lymphoid tissues and contributes to the 
7/4623-451 5425=-43.! BM,-2B*.3. -7 '&QRSGK% ]-A*U*0H 32 3. 4-2 C4-A4 37 2B3. B-18. 
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true for all cell types and whether receptor internalisation always coincides with loss 
of signalling.  Internalisation of S1P
1
 /,-4 '&QRSGK L34834= 3. 8*.603L*8 7-0 J]T 
cells and recently for human umbilical vein endothelial cells (HUVECs). Interestingly, 
2B3. 0*6*42 .2/8M 8*!-4.2052*. ,*0.3.2*42 5623U523-4 -7 '&QRSGK 348/6*8 .3=451134= 
pathways despite receptor internalisation37.
 T/0 8525 .B-A. 2B52 '&QRSGK 3. 65,5L1* -7 0*8/634= &#'() 348/6*8 <JK(I 
release by astrocytes. It is known that astrocytes increase mRNA levels for MCP-
1 during experimental autoimmune encephalomyelitis (EAE), the animal model for 
MS38. Animals that lack a functional MCP-1 receptor (CCR2) are resistant to develop 
EAE, illustrating again the importance of this chemokines in disease pathogenesis 
39. In a human setting it is shown that astrocytes located in the NAWM surrounding 
an active MS lesion produce MCP-140,. Further, MCP-1 is capable of increasing BBB 
permeability by disrupting the tight junction (TJ) complex between brain endothelial 
cells41. Decreasing MCP-1 release by reactive astrocytes through signalling of 
'&QRSGK U35 :IK
1
 or S1P
3
 may therefore contribute to the observed clinical results 
-7 '&QRSGK 20*52!*42 -7 <: ,523*42.%
 Together, our results demonstrate enhanced expression of S1P
1
 and S1P
3
 
on astrocytes in active and inactive MS lesions indicating that astrocytes might 
0*,0*.*42 5 ,-2*42351 250=*2 7-0 '&QRSG 20*52!*42% Y4 566-08546*H -/0 in vitro studies 
8*!-4.2052* 0*.,-4.3U*4*.. -7 5.20-6M2*. 2-A508. '&QRSGK% '/02B*0 .2/83*. 50* 
4**8*8 2- 0*U*51 '&QRSG .3=45134= 34 0*5623U* 5.20-6M2*. 548 2B* ,-..3L1* L*4*>6351 
34X/*46* 2B3. .3=45134= B5. -4 -2B*0 6*11. -7 2B* J#: 34U-1U*8 34 <: ,52B-1-=M% 
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A B S T R A C T
Alterations in sphingolipid metabolism are described to contribute to various 
neurological disorders. We here determined the expression of enzymes involved in 
the sphingomyelin cycle and their products in post-mortem brain tissue of multiple 
sclerosis (MS) patients. In parallel, we investigated the effect of the sphingosine-1 
receptor agonist Fingolimod (Gilenya®) on sphingomyelin metabolism in reactive 
astrocytes and determined its functional consequences for the process of neuro-
34X5!!523-4% T/0 0*./12. 8*!-4.2052* 2B52 34 5623U* <: 1*.3-4.H !50C*8 LM 150=* 
4/!L*0 -7 34>12052*8 3!!/4* 6*11.H 54 512*0*8 *+,0*..3-4 -7 *4eM!*. 34U-1U*8 34 2B* 
.,B34=-!M*134 6M61* 75U-/0. *4B546*8 6*05!38* ,0-8/623-4% \* 38*423>*8 0*5623U* 
astrocytes as the primary cellular source of enhanced ceramide production in MS 
brain samples. Astrocytes isolated from MS lesions expressed enhanced mRNA 
levels of the ceramide producing enzyme acid sphingomyelinase (ASM) compared 
to astrocytes isolated from control white matter. In addition, TNF-a treatment 
induced ASM mRNA and ceramide levels in astrocytes isolated from control white 
matter. Incubation of astrocytes with Fingolimod prior to TNF-a treatment reduced 
ceramide production and mRNA expression of ASM to control levels in astrocytes. 
Importantly, supernatants derived from reactive astrocytes treated with Fingolimod 
.3=43>65421M 0*8/6*8 2054.*48-2B*1351 !-4-6M2* !3=0523-4% TU*0511H 2B* ,0*.*42 .2/8M 
demonstrates that reactive astrocytes represent a possible additional cellular target 
7-0 '34=-13!-8 34 <: LM 830*621M 0*8/634= 2B* ,0-8/623-4 -7 ,0-(34X5!!52-0M 13,38. 
and limiting subsequent transendothelial leukocyte migration.
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I N T R O D U C T I O N
</123,1* .61*0-.3. ?<:@ 3. 5 6B0-436 34X5!!52-0M 83.*5.* 6B50562*03e*8 LM 34>120523-4 
of immune cells into the central nervous system (CNS). As a consequence, typical 
pathological processes for MS arise such as axonal damage, demyelination, 
astrogliosis and loss of oligodendrocytes14. Before invading the CNS, activated 
immune cells need to cross the blood-brain barrier (BBB), which normally limits 
transendothelial leukocyte migration. Astrocytes, together with other surrounding 
cells of the neurovascular unit, play an important role in the function of the barrier1. 
However, to date the interaction between astrocytes and the BBB during a 
4*/0-34X5!!52-0M 52256C 0*!534. /48*>4*8%
In recent years, increasing evidence suggests that sphingomyelin 
metabolism plays a key role in biological processes in the CNS. Sphingomyelin is 
the major sphingolipid present in cell membranes, where it serves as a building 
block for biological membranes and it plays an important role in membrane 
function16,25,39. Moreover, sphingomyelin is the predominant source for bioactive 
sphingomyelin metabolites, such as ceramide and sphingosine 1-phosphate (S1P). 
Evidence is now emerging that alterations in sphingolipid metabolism, leading to 
*4B546*8 ,0-34X5!!52-0M 6*05!38* ,0-8/623-4H -66/0 34 .*U*051 4*/0-1-=3651 
disorders, such as hereditary sensoric neuropathy type I, Batten’s syndrome, 
Wilson’s disease, and Alzheimer’s disease7,11,18,19,26,31,32% Y!,-025421MH 34X5!!52-0M 
!*8352-0.H 3461/834= 2/!-0 4*60-.3. 7562-0(51,B5 ?&#'()@H 0*5623U* -+M=*4 .,*63*. 
?"T:@H 548 342*01*/C34(I L*25 ?Yg(Ii@ 348/6* 2B* ,0-8/623-4 -7 6*05!38* 2B0-/=B 
5623U523-4 -7 .,B34=-!M*1345.*. ?:<5.*.@H AB36B 34 2/04 5!,13>*. 2B* 34X5!!52-0M 
cascade either by direct activation of downstream targets or by affecting membrane 
organization20,36,38. 
"*6*421MH 5 4-U*1 2B*05,*/236 5=*42 ,B-.,B-0M152*8 '&QRSG ?'&QRSGK@ 
currently known as Gilenya®H 5 ,-2*42 5423(34X5!!52-0M 80/=H B5. L**4 '_$(
5,,0-U*8 7-0 2B* 20*52!*42 -7 0*15,.34=(0*!32234= <: ?""<:@% '&QRSGK *+*02. 32. 
action through binding to S1P receptors, a class of G-protein coupled receptors. The 
!534 !-8* -7 32. 5423(34X5!!52-0M *77*62 34 ""<: 3. 2B0-/=B L34834= 2- 2B* :IK
1
 
receptor on lymphocytes which results in lymphocyte sequestration in lymphoid 
-0=54.% V34834= -7 '&QRSGK 2- 2B* :IK
1
 receptor is reported to lead to receptor 
internalization and degradation and consequent loss of S1P responsiveness of 
lymphocytes to emigrate from the lymph nodes17,27. In addition, S1P receptors are 
*+,0*..*8 LM U503-/. 6*11. -7 2B* J#:% K0*U3-/.1M A* 8*!-4.2052*8 2B52 '&QRSGK 
83!343.B*. 2B* ,0-(34X5!!52-0M ,B*4-2M,* -7 ,03!50M 6/12/0*. -7 0*5623U* B/!54 
astrocytes through acting on the S1P
1
 and S1P
3
 receptors44. Moreover, it was 
shown that S1P
1
 0*6*,2-0 *+,0*..3-4 -4 5.20-6M2*. 3. 4**8*8 7-0 '&QRSGK *7>656M 
in experimental autoimmune encephalomyelitis (EAE), an animal model of MS4. 
&-=*2B*0H 2B*.* 8525 3483652* 2B52 5.20-6M2*. 0*,0*.*42 5 830*62 250=*2 7-0 '&QRSGKH 
although its downstream effects remain elusive.
To elucidate the involvement of sphingomyelin metabolism in MS 
pathogenesis, we examined the cellular distribution of the enzymes involved in 
sphingomyelin metabolism in well-characterized MS lesions. Immunohistochemical 
analysis revealed an altered expression of these enzymes favouring enhanced 
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ceramide production by reactive astrocytes within active MS lesions. Furthermore 
levels of ceramide and the ceramide-producing enzyme, acid sphingomyelinase 
?$:<@ A*0* !*5./0*8% ;+,-./0* -7 ,03!50M 5.20-6M2*. 2- 2B* ,0-(34X5!!52-0M 
6M2-C34* 2/!-/0 4*60-.3. 7562-0( ) ?&#'()@ !50C*81M 3460*5.*8 2B* *+,0*..3-4 -7 
ASM leading to enhanced ceramide production. Importantly, this was reduced by 
20*52!*42 -7 2B* 6*11. A32B '&QRSGK% <-0*-U*0H '&QRSGK ,-2*421M L1-6C*8 6*05!38*(
driven transendothelial monocyte migration, an important aspect of new lesion 
formation in MS. Together, our data reveal a possible additional mode of action for 
'&QRSGK 2B0-/=B 32. 830*62 0*U*0.34= *77*62 -4 512*0*8 .,B34=-!M*134 !*25L-13.! 34 
0*5623U* 5.20-6M2*. 34 <:H AB36B !5M 85!,*4 2B* 4*/0-34X5!!52-0M 0*.,-4.* 548 
6-46-!32542 1*/C-6M2* 34>120523-4%
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Consent
The Netherlands Brain Bank received permission to perform autopsies, for the use 
of tissue, and for access to medical records for research purposes from the Ethical 
Committee of the VU University Medical Center, Amsterdam, The Netherlands. All 
patients and controls, or their next of kin, had given informed consent for autopsy 
and the use of their brain tissue for research purposes.
Autopsy material
Brain tissue from thirteen patients with clinically diagnosed and pathological 
6-4>0!*8 <: 548 .3+ 6-420-1 65.*. A32B-/2 4*/0-1-=3651 83.*5.* A5. -L2534*8 52 
05,38 5/2-,.M 548 3!!*8352*1M 70-e*4 34 13j/38 4320-=*4 -0 >+*8 34 7-0!5134 ?&B* 
Netherlands Brain Bank, Amsterdam, coordinator Dr. Huitinga) (Table 1).
M A T E R I A L S  A N D  M E T H O D S
 !"#$%&%'#()(*!#%+!,!%-.%/0%1!,($),2%!)+%)-)3)$45-#-6(*!#%*-),5-#2
Case Age (years) Type of 
MS 
Sex Post-mortem 
delay (h:min) 
Disease 
Duration 
(years) 
Cause of death 
1 66 ND M 8 ND Sepsis 
2 48 SP F 6 21 Congestive heart 
failure 
3 69 SP M 10 34 Cardiac arrest 
4 66 SP F 6 23 - 
5 48 SP F 5 25 Euthanasia 
6 64 PP M 7 34 End stage MS 
7 52 SP F 8 22 Resp. failure 
8 41 PP M 7 14 - 
9 53 SP F 11 27 Euthanasia 
10 70 SP F 7 40 Urosepsis 
11 56 SP M 8 27 Pneumonia 
12 55 PP F 17 19 CVA 
13 70 SP F 6 27 Urinary tract 
infection 
14 47 SP M 7 7 Urosepsis with 
organ failure 
Control 79  M 9 NA Pneumonia, 
metastasized 
kidney carcinoma 
Control 75  F 6 NA Cachexia 
Control 89  F 7 NA Cachexia 
Control 56  M 9 NA Myocardial 
infarction 
Control 82  F 5 NA Pneumonia 
Control 89  F 6 NA Old age 
SP = secondary progressive MS; PP = primary progressive MS; ND = not determined; M = male; F = female. 
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HPLC and LC-ESI-MS/MS analyses
 !"#$%&!'()*+!*+',#-'&!+!"$%*!&'#-'."!/%)0-12'&!-("%3!&',%+4'-1%54+'$)&%6(#+%)*-18. 
7"%!829' #(+%/!' :;' 1!-%)*-' %*' <")=!*' +%--0!' ,!"!' 1)(#+!&' %$$0*)4%-+)(4!$%(#112>'
Subsequently, brain tissue was dissected using a scalpel and samples were collected 
in microtubes and snap frozen in liquid nitrogen. Samples were then homogenized 
in MQ-H
2
O (MS-grade, Biosolve, Valkenswaard, the Netherlands) by sonication on 
%(!'<)"'?'@'A'-'#+'BC'D$'E:;F';)*%."!.'BACG>';#$.1!-9'!H0%$)1#"'<)"'+)+#1'.")+!%*9'
,!"!'!I+"#(+!&'0-%*5'JKC'DL')<' M 1
3
N:!OMNM
2
O'#+'#'BNBNC>P'"#+%)'E/)1N/)1G>'Q4#-!'
-!.#"#+%)*',#-'#(4%!/!&'32'(!*+"%<05#+%)*'<)"'R'$%*>'#+'BS9CCC'@'g. After collection 
)<'+4!'1),!"')"5#*%('.4#-!9'+4!'0..!"'.4#-!',#-'"!T!I+"#(+!&',%+4'RCC'DL')<' M 1
3. 
Subsequently, the lower phases were pooled and dried under mild N
2
' 8),>' U)"'
512()-.4%*5)1%.%&' #*#12-%-' )*'MQL 9' ACC' DL' )<' <"!-412' ."!.#"!&' C>B':'V#OM' %*'
MeOH was added, and samples were deacylated in a microwave (SAM-155, CEM 
()".>9':#++4!,-9'V 9'W;XG'<)"'SC'$%*>'O<'+4%-'-)10+%)*9'AC'DL',#-'&!"%/#+%=!&',%+4'
?A'DL'o-phtaldehyde (OPA) reagent (Sigma Aldrich, St. Louis, MO, USA) for 30 min. 
#+'"))$'+!$.!"#+0"!'#*&'-!.#"#+!&'32'MQL >'U)"'H0#*+%6(#+%)*' BK'-.4%*5#*%*!'
was used as an internal standard.' !"#$%&!'-.!(%!-',!"!'H0#*+%6!&'32'L YF;ZY
:;N:;'0-%*5' B?T(!"#$%&!'EX/#*+%'$%I'ZZ9'X/#*+%'Q)1#"'L%.%&-9'X1#3#-+!"9'XL9'W;XG'
as an internal standard. For optimization, direct infusion of ceramide standards 
was performed to optimize source parameters and ionization conditions. Extracted 
-#$.1!-'EBC'$LG',!"!'-!.#"#+!&')*'#*'X(H0%+2'WQL '-2-+!$'6++!&',%+4'#'7FM' BJ'
column, 1.0 x 50 mm, 1.7 µm (Waters corp., Milford, MA, USA). The ceramides were 
resolved isocratically for 5.5 min., using MeOH containing 1 mM ammonium formate 
#*&'C>A['<)"$%('#(%&'#-'$)3%1!'.4#-!>'\4!'()10$*',#-'%*+!"<#(!&',%+4'#*'X(H0%+2'
tandem quadrupole mass spectrometer (Waters corp., Milford, MA, USA) was set 
to the positive mode for online analyses of ceramide species using electrospray 
%)*%=#+%)*>';)0"(!'.#"#$!+!"-',!"!]'(#.%11#"2'/)1+#5!9'R>C'^_`'()*!'/)1+#5!9'RC'_`'
source and desolvation temperature were 150°C and 450°C, respectively.  
Primary antibody   
Proteolipid protein (clone plpc1) 1:500 Serotec Ltd, Oxford, UK 
Major histocompatibility complex class II 1:100 DAKO, Glostrup, Denmark 
ASM 1:100 Santa Cruz, California, USA 
Ceramide 1:100 Alexis, Lausen, Switzerland 
SMS2 1:200 Santa Cruz, California, USA 
SGPP2 1:100 Lifespan, Seattle, WA, USA 
SPHK2 1:100 Abcam, Cambridge, UK 
ASAH1 1:450 Sigma-Aldrich, St. Louise, MO, USA 
CD68 1:1000 DAKO, Glostrup, Denmark 
Glial fibrillary acidic protein (poly clonal) 1:300 DAKO, Glostrup, Denmark 
Glial fibrillary acidic protein (mono clonal) 1:10 DAKO, Glostrup, Denmark 
 
 !"#$%&%'()*!(+%!,-)"./)$0
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' U)"'!1!(+")-."#29'*%+")5!*'5#-',#-'0-!&'#+'AC'LN4' <)"'()*!'8),'#*&'ACC'
LN4'<)"'&!-)1/#+%)*9',4!"!#-'#"5)*'5#-',#-'0-!&'<)"'()11%-%)*T%*&0(!&'&%--)(%#+%)*>'
Multiple reaction monitoring was used to quantify ceramide subspecies. Monitored 
+"#*-%+%)*-' E$N=G',!"!'aJ?'b'?Sa' <)"' B?]C9' ARJ'b'?Sa' <)"' BS]C9' ASS'b'?Sa' <)"'
 BJ]C9'#*&'SAC'b'?Sa' <)"' ?a]C'(!"#$%&!>'\4!'&#+#',!"!'#(H0%"!&'#*'#*#12-!&'
using MassLynx software (Manchester, UK).
Immunohistochemistry
U)"'%$$0*)4%-+)(4!$%(#1'#*#12-%-9'ATD$'("2)-!(+%)*-',!"!'.")(!--!&'#*&'-+#%*!&'
as described previously21>' 7"%!829' -!(+%)*-' ,!"!' %*(03#+!&' )/!"*%54+' #+' ac ',%+4'
primary antibodies against ceramide (Alexis, Lausen, Switzerland), ASM (Santa 
Cruz, California, USA), SMS2 (Santa Cruz California USA), SPHK2 (Abcam, 
Cambride, MA, USA), or SGPP2 (LifeSpan, Seattle, WA, USA). Subsequently, 
sections were incubated with EnVision+ Dual Link (DAKO, Glostrup, Denmark) 
#(()"&%*5'+)'+4!'$#*0<#(+0"!"d-'&!-("%.+%)*>'e%#$%*)3!*=%&%*!'+!+"#(41)"%&!'EeX7`'
DAKO, Glostrup, Denmark) was used as the chromogen. For colocalization studies, 
sections were incubated with primary antibodies as indicated in Table 2. Sections 
,!"!'-03-!H0!*+12' %*(03#+!&' <)"'RC'$%*0+!-',%+4'A['#*%$#1'-!"0$9')<',4%(4' +4!'
-)0"(!',#-'&!+!"$%*!&'32'+4!'-.!(%6('-!()*&#"2'#*+%3)&2'0-!&'E\#31!'RG>
Astrocyte isolation, culture and treatment
Adult primary human astrocytes were isolated from white matter of non-neurological 
controls (n=3) and MS patients (n=3) and cultured as described previously9. In brief, 
(!"!3"#1'-.!(%$!*-',!"!'()11!(+!&'%*'e:F:NMX:TUBC'B]B'()*+#%*%*5'5!*+#$2(%*'
(Invitrogen, Carlsbad, CA, USA). Upon removal of blood vessels and meninges, 
-.!(%$!*-',!"!'4)$)5!*%=!&'#*&'&%5!-+!&',%+4'?>A'$5N$1'+"2.-%*'E;%5$#'X1&"%(49'
St. Louis, MO, USA) at 37°C for 20 min. in bovine pancreatic DNAse I (Boehringer 
Mannheim, Germany). Cell suspensions were grown as monolayers in poly-L-lysine 
   
Primary antibody  Secondary antibody 
Major histocompatibility complex class II  Alexa 594 goat anti-mouse 
ASM  Alexa 488 goat anti-rabbit 
Ceramide  Alexa 594 goat anti-mouse 
SMS2  Alexa 488 donkey anti-goat 
SGPP2  Alexa 488 goat anti-rabbit 
SPHK2  Alexa 488 goat anti-rabbit 
ASAH1  Alexa 488 goat anti-rabbit 
CD68  Alexa 594 goat anti-mouse 
Glial fibrillary acidic protein (poly clonal)  Alexa 488 goat anti-rabbit 
Glial fibrillary acidic protein (mono clonal)  Alexa 594 goat anti-mouse 
 !"#$%&%'()*!(+%!,-%.$/0,-!(+%!,1)"0-)$.
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coated 80 cm2 !"#$"%& '()*) +,-,./ 0(12&1)&#34#5/ 6&%7(189 :1 ;<=<>?@<ABCD 
+CEC9 !41$(:1:12 CDF +G>G9 H&$(# !(#H )&%"7 +I., J:47&5:!(#)/ I%G:1&/ .@/ -K@9/ CDD 
I->7# L&1:!:##:1/ (15 MD N2>7# )$%&L$478!:1 :1 O"7:5:P&5 (:% Q:$O MF .R
2
 at 37°C. 
For the generation of conditioned medium, primary human astrocytes from control 
brain were treated with 10-6< BSTUVDW +K:27( @#5%:!O/ K$X 04":)/ <R/ -K@9/ V O%)X 
L%:4% $4 (15 5"%:12 VY O%) 4H S,BA( +M 12>7#Z W&L%4$&!O/ -[9 &\L4)"%& 4% Q&%& 
left untreated. After removal of the medium, cells were incubated with fresh culture 
medium for another 24hrs. These samples were collected and used in monocyte 
migration assays. 
Quantitative PCR
Oligonucleotides were synthesized by Ocimum Biosolutions (Ocimum Biosolutions, 
I]))&#)$&:1/ $O& ,&$O&%#(15)9X SO& H4##4Q:12 L%:7&% )&^"&1!&) Q&%& ")&5Z @K< 
forward 5’-gct gga gct gga att att acc g-3’, ASM reverse 5’-cgg ctc aga gtc tct tca 
ttca t-3’. mRNA was isolated from primary human astrocytes using a mRNA capture 
kit (Roche, Woerden, The Netherlands) as described previously44. cDNA was 
synthesized using the Reverse Transcription System kit (Promega, Leiden, The 
Netherlands) as described previously15. Quantitative PCR (qPCR) reactions were 
L&%H4%7&5 :1 (1 @JIU_DD?S )&^"&1!& 5&$&!$:41 )8)$&7 "):12 $O& KTJ` 6%&&1 
7&$O45 +@LL#:&5 J:4)8)$&7)/ ,&Q T4%*/ -K@9X =\L%&)):41 #&G&#) 4H $%(1)!%:L$) Q&%& 
normalized to GAPDH expression levels.
Endothelial cell cultures 
SO& O"7(1 3%(:1 &154$O&#:(# !&## +J=.9 #:1& O.<=.>;a $O($ 5:)L#(8) )&G&%(# *&8 
features of primary brain endothelial cells was kindly provided by dr. P-O. Couraud 
(Institut Cochin, Université Paris Descartes, Paris, France.) and grown in Endothelial 
Cell Basal Medium-2 supplemented with hEGF, hydrocortisone, GA-1000, FBS, 
VEGF, hFGF-B, R3AI6BAC/ ()!4%3:! (!:5 (15 VXMF H&$(# !(#H )&%"737,48 (EGM-2, 
Lonza, Basel, Switzerland). 
2#$/1()/!#%3$##4.5".1(!1$%6*7$-!,/$%8$,.),9%:2368;
S%(1)&154$O&#:(# &#&!$%:! %&):)$(1!& 4H !41'"&1$ 7414#(8&%) 4H O.<=.>;a !&##) Q() 
measured as a marker for the integrity of the human blood-brain barrier using an 
=.IK 745&# bSO&$( +@LL#:&5 J:4WO8):!)/ ,&Q T4%*/ -K@9 (15 cdCD=e (%%(8) () 
described previously[40]. 100.000 cells were seeded onto each well of an 8W10+ 
ECIS array coated with collagen and impedance was measured at 6000 Hz in real 
$:7&X .&##) Q&%& 2%4Q1 $4 !41'"&1!&/ () 5&$&%7:1&5 38 %&(!O:12 7(\:7(# %&):)$(1!&/ 
3&H4%& &\L4)"%& $4 )LO:12478&#:1()& +D/DaV ->7#9 +=1f4 0:H& K!:&1!&)/ ,&Q T4%*/ 
-K@9 4% .V !&%(7:5& +MD g<9 +=1f4 0:H& K!:&1!&)/ ,&Q T4%*/ -K@9X 
Monocyte migration
Human blood monocytes were isolated from buffy coats of healthy donors by Ficoll 
gradient and CD14-positive beads44X O.<=.>;a !&##) Q&%& 2%4Q1 $4 !41'"&1!& :1 
_h Q&## L#($&) (15 )"3)&^"&1$#8 &\L4)&5 $4 &:$O&% G&O:!#&/ VM g< 4% MD g< .V 
!&%(7:5& +=1f4 0:H& K!:&1!&/ ,&Q T4%*/ -K@9 H4% a O%) 4% &\L4)"%& $4 D/DCh ->
7# (15 D/DaV ->7# )LO:12478&#:1()& +=1f4 0:H& K!:&1!&)/ ,&Q T4%*/ -K@9 . After 
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extensive washing, freshly isolated monocytes (7,5 x 105 !&##)>7#9 Q&%& (55&5 
to EC monolayers and the number of migrated monocytes was assessed after 
4 hrs.42. Monocyte migration through endothelial cells towards astrocyte conditioned 
medium generated as described above was studied as reported previously23. In 
)O4%$/ O.<=.>;a !&##) Q&%& )&&5&5 ($ !41'"&1!& 41$4 !4##(2&1A!4($&5 .4)$(% 
S%(1)Q&## P#$&%) +L4%&A):f& DXY 77Z .4%1:12 I1!4%L4%($&5/ .4%1:12/ ,T/ -K@9 :1 
2%4Q$O 7&5:"7 !41$(:1:12 VXMF B.K (15 Q&%& !"#$"%&5 H4% Y 5(8)X I1 $O& "LL&% 
!47L(%$7&1$/ &154$O&#:(# !&##) Q&%& !"#$"%&5 $42&$O&% Q:$O CDD g# L%:7(%8 O"7(1 
monocytes (1.6 x 106 !&##)>7#9 )")L&15&5 :1 =154$O&#:(# !&## 6%4Q$O 7&5:"7AV 
!41$(:1:12 V/MF H&$(# !(#H )&%"7X @H$&% c O%) 4H 7:2%($:41 ($ aUi./ MF .R
2
, the 
$%(1)7:2%($&5 7414!8$&) Q&%& O(%G&)$&5 (15 ^"(1$:P&5 "):12 3&(5) +B#4QA!4"1$ 
'"4%4)LO&%&)/ J&!*7(1.4"#$&%/ I1!X/ J%&(/ .@/ -K@9 (15 )"3)&^"&1$ B@.K!(1 
'4Q !8$47&$&% +J&!$41A;:!*:1)41/ K(1 ]4)&/ .@/ -K@9 (1(#8)&)X
Statistical analysis
One-Way ANOVA with Tukey post-hoc test was used to analyse statistical differences 
in all experiments comparing more than 2 groups. mRNA expression of astrocytes 
derived from NAWM or MS Lesions and changes in transendothelial electric 
resistance were compared using the Student’s t-test.
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6,/($!.$-%/$(!*)-$%$<7($..)0,%"+%!.1(0/+1$.%),%!/1)=$%>8%#$.)0,.
Detailed ceramide analysis showed that total ceramide levels were strongly 
decreased in active lesion homogenates compared to non-neurological controls (Fig 
C(9X j"(1$:$($:G& (1(#8):) 4H $O& )L&!:P! !&%(7:5& )"3)L&!:&) O4Q&G&% %&G&(#&5 ( 
):21:P!(1$ :1!%&()& :1 $O& %($:4 4H .Ch>CcA $4 .VYA!&%(7:5& +B:2 C3/!9X
To identify the cellular origin of ceramide in active MS lesions 
immunohistochemistry was performed using an anti-ceramide antibody found to 
)L&!:P!(##8 %&!421:f& .CY/ .Ch/ (15 .VY !&%(7:5&5X @!$:G& <K #&):41) Q&%& !#()):P&5 
3()&5 41 $O& &\L%&)):41 4H 78&#:1 +L%4$&4#:L:5 L%4$&:19 +B:2 V(9 (15 :1'(77($4%8 
R E S U L T S
cells (anti-MHC class II) (Fig 2b)[23,45]. In 
contrast to white matter from non-neurological 
controls, a slight increase in astrocytic 
ceramide expression was observed in normal 
appearing white matter (NAWM) (Fig 2c,d). 
A marked increase in ceramide expression 
in astrocytes (arrow) and predominantly 
astrocyte end feet (arrow head) was observed 
in active MS lesions (Fig 2e,f). Colocalization 
studies of ceramide and the astrocytic marker 
2#:(# P3%:##(%8 (!:5:! L%4$&:1 +6B@W9 !41P%7&5 
that reactive astrocytes are the predominant 
!&%(7:5& L%45"!:12 !&##) :1 :1'(77($4%8 <K 
lesions (Fig 2g). 
Expression of key sphingomyelin cycle 
enzymes in active MS lesions favor 
ceramide generation
We next investigated the expression 
of enzymes involved in sphingomyelin 
metabolism (Fig 3).  Immunohistochemical 
analysis of white matter from non-neurological 
controls and NAWM showed weak expression 
Fig 1. Increased ceramide species expression in MS 
lesions. Total ceramide levels as measured by HPLC 
(15 0.A=KIA<K><K (1(#8)&) (%& )$%412#8 5&!%&()&5 :1 
active lesion homogenates (dark grey bars) compared 
to NAWM (light grey bars) and control (white bars) (a). 
The ratio of C16 to C24 ceramide (b) and C18 to C24 
!&%(7:5& +!9 :) ):21:P!(1$#8 :1!%&()&5 :1 (!$:G& <K 
lesions (dark grey bars) compared to NAWM (light 
grey bars) and brain homogenates of non-neurological 
controls (white bars). Data show the mean ± SD of 
a pooled sample of three different donors measured 
in triplicate.  In (a) only one measurement of the 
L44#&5 )(7L#& Q() L&%H4%7&5X K$($:)$:!(# ):21:P!(1!& 
+@,Rk@9 :) :15:!($&5 Q:$O ()$&%:)*)E lllmD/DDC
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of ASM in astrocytes and in microglial cells which show sporadic ASM expression 
(Fig 4a,b, arrowhead). In sharp contrast, astrocytes in active MS lesions abundantly 
&\L%&)) @K< +B:2 Y!/ (%%4Q9 () !41P%7&5 38 !4#4!(#:f($:41 Q:$O 6B@W +B:2 Y59X I1 
addition, we studied the expression of the sphingosine-1-phosphate (S1P) degrading 
enzyme sphingosine-1-phosphate phosphatase 2 (SGPP2), which generates the 
ceramide precursor sphingosine. Samples from non-neurological controls and 
NAWM show weak expression of astrocytic SGPP2 which was more pronounced for 
control brain (Fig 4e,f, arrow). However, microglial cells show moderate expression 
of SGPP2 in control brain and in the active lesion (Fig 4e,h, arrowhead). In active MS 
lesions a striking increase in the expression of SGPP2 was observed in astrocytes 
+B:2 Y2/ (%%4Q9 () !41P%7&5 38 !4#4!(#:f($:41 Q:$O 6B@W +B:2 YO9X 
 Next, we examined expression of the enzymes sphingosine kinase 2 
(SPHK2), sphingomyelin synthase 2 (SMS2) and acid ceramidase (ASAH), which 
degrades ceramide. In non-neurological controls and NAWM, SPHK2 is moderately 
expressed by microglial cells (Fig 5a,b, arrow) and astrocytes (arrow head). In active 
MS lesions (Fig 5c) we detected an increased expression of SPHK2 predominantly 
41 <?. !#()) IIAL4):$:G& !&##) +B:2 M59 !47L%:):12 7:!%42#:( (15 :1P#$%($&5 :77"1& 
cells. SMS2 expression was observed in a number of astrocytes in white matter from 
10 µmf g
Control
NAWM Active lesion
a b c
d e
Figure 2
Fig. 2 Enhanced ceramide expression in astrocytes in active MS lesions. Active demyelinating 
MS lesions are characterized by loss of proteolipid protein (PLP) (typical example in a) and presence 
of abundant MHC class II expressing macrophages and activated microglia (typical example in b). 
Following pictures are zoomed in on area of interest (black square) (b). Low immunoreactivity of ceramide 
is observed in astrocytes in control brain tissue (c). Increased expression of ceramide is observed in 
astrocytes surrounding vessels in NAWM (arrow) (d). In active demyelinating MS lesions, a strong 
increase in ceramide immunoreactivity was observed in astrocytes (arrows) and astrocytic end feet 
+(%%4QO&(59 +&9X ?:2O 7(21:P!($:41 4H ( !&%&3%(# G&))&# )"%%4"15&5 38 !&%(7:5&AL4):$:G& ()$%4!8$:! &15 
feet (f). Colocalization studies indicated that ceramide is expressed by GFAP-positive astrocytes (arrow) 
(g) (GFAP in green and ceramide in red).
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Fig. 3 Overview of key enzymes in the sphingomyelin cycle. The plasma membrane is an important 
source of cellular sphingomyelin (SM). SM functions as a building block for biological membranes as 
it increases lipid order and reduces membrane permeability. In addition, the SM is instantly available 
for metabolism. Upon activation of SMases, SM can be converted into ceramide. Ceramide is a potent 
signalling molecule by itself and serves as a building block for additional bioactive sphingolipids. Ceramide 
can be synthesized de novo but catabolism of sphingomyelin by SMases occurs more rapidly. The 
sphingosine-ceramide balance is determined by the action of both ceramidases and ceramide synthases. 
Sphingosine may be phosphorylated to S1P by sphingosine kinases (SphKs). Contrary, sphingosine 
phosphatases (SGPPs) reversibly degrade S1P back into sphingosine. Finally, S1P lyase irreversibly 
degrades S1P thereby leaving the sphingomyelin cycle.
non-neurological controls (Fig 5e, arrowhead). However, this strong expression was 
lost in NAWM and active MS lesions, although strong endothelial immunoreactivity 
was observed (Fig 5f, g,h). SMS2 expression was increased in the perivascular 
space in active MS primarily in CD68 positive cells (Fig 5g, h). NAWM brain tissue 
shows moderate expression of ASAH in microglia (Fig 5j). In the active MS lesion 
@K@? &\L%&)):41 :) :1!%&()&5 :1 :1P#$%($&5 #&"*4!8$&) (15 (!$:G($&5 7:!%42#:( +B:2 
5k, l), while reactive astrocytes show only weak expression (Fig 5j). Furthermore all 
&1f87&) (%& O:2O#8 &\L%&))&5 :1 $O& &154$O&#:(# !&##) 4H (!$:G& <K #&):41) +!41P%7&5 
38 !4#4!(#:f($:41 Q:$O .;aCZ 5($( 14$ )O4Q19/ 
 Taken together, our data indicate that in active MS lesions expression of 
enzymes favoring ceramide formation is increased in astrocytes compared to control 
and NAWM tissue. Concomitantly, enzymes involved in ceramide degradation do 
not show increased expression in astrocytes in active MS lesions compared to 
astrocytes in control and NAWM tissue. Expression of ceramide-degrading enzymes 
:) 7(:1#8 :1!%&()&5 :1 7:!%42#:( (15 :1P#$%($:12 #&"*4!8$&)/ 14$ ()$%4!8$&)X <4%&4G&% 
no difference in expression pattern of all studied enzymes was observed between 
primary progressive and secondary progressive patients.
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Control NAWM
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Control NAWM
Active lesion
a b
c
e f
g h
d
Fig. 4 Sphingomyelin cycle: enzyme expression involved in ceramide generation in active MS 
lesions. In control brain tissue sporadic immunoreactivity for ASM was observed in microglial cells 
(arrowhead) and astrocytic cells (arrow) (a). No difference in ASM expression was observed in NAWM 
compared to control brain tissue (b). Active MS lesions show a strong increase in ASM expression in 
astrocytes (arrow) (c). Colocalization studies indicated that ASM is expressed by astrocytes as marked 
38 6B@W :1 (1 (!$:G& #&):41 ($ #4Q +59 (15 O:2O 7(21:P!($:41 +:1)&$9 +I1 %&5 6B@W (15 :1 2%&&1 @K<9X 
SO& (%&( 4H O:2O 7(21:P!($:41 :) :15:!($&5 38 ( %&!$(12#& :1 (## )$(:1:12)X K6WWV :77"14%&(!$:G:$8 :1 
control brain tissue is identical to ASM expression showing few positive microglial cells (arrowhead) and 
astrocytes (arrow) (e). SGPP2 expression in NAWM was less pronounced compared to control brain 
tissue but restricted to the same cell types (f). Reactive astrocytes in active MS lesions show a strong 
:1!%&()& :1 K6WWV &\L%&)):41 +(%%4Q9 +29X K6WWV (15 6B@W )$(:1:12 G&%:P&) $O($ $O& 43)&%G&5 K6WWV 
staining colocalizes with GFAP positive astrocytes (h, high power inset) (in green SGPP2 and in red 
GFAP). 
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?)9@%A%87B),90*+$#),%/+/#$C%$,D+*$%$<7($..)0,%),=0#=$-%),%/!1!"0#).*%0E%/$(!*)-$%),%!/1)=$%>8%
lesions.
Few microglial (arrowhead) and astrocytes (arrow) express SPHK2 in control brain tissue (a) and in NAWM 
(b). Active MS lesions display increased immunoreactivity for SPHK2 (c), possibly microglia (arrowhead) 
4% :1P#$%($&5 :77"1& !&##) +(%%4Q9X .4#4!(#:f($:41 )$"5:&) :15:!($&5 $O($ <?. !#()) II L4):$:G& :77"1& 
cells and microglia express SPHK2 (d, high power inset)  (In green SPHK2 and in red MHC class II). The 
(%&( 4H O:2O 7(21:P!($:41 :) :15:!($&5 38 ( %&!$(12#& :1 (## )$(:1:12)X I1 !41$%4# 3%(:1 $:))"&/ ()$%4!8$&) 
(arrow) express SMS mainly around vessels (e) which was lower in NAWM (f) and in active MS lesions 
(g). In active MS lesions strong immunoreactivity was observed in cells surrounding the vasculature 
+(%%4Q9X .;hc Q() ")&5 :1 54"3#& :77"14'"4%&)!&1!& )$(:1:12 (15 !41P%7&5 !4#4!(#:f($:41 4H K<K 
with CD68 positive cells (h) (in red CD68 and in green SMS). Control (i) and NAWM brain tissue show 
low expression of ASAH in microglia (arrowhead) (j), in the active MS lesion this expression is markedly 
:1!%&()&5 +*9X I77"14'"4%&)!&1!& )$(:1:12 4H @K@? +2%&&19 (15 <?. !#()) II L4):$:G& :77"1& !&##) 
+%&59 !41P%7&5 !4#4!(#:f($:41 4H @K@? Q:$O :1P#$%($&5 7(!%4LO(2&) +#9X
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? FGHI'% ($-5/$.%  J?4K% ),-5/$-% /$(!*)-$% E0(*!1)0,% "+% 7()*!(+% B5*!,%
astrocytes
Cultures of primary human astrocytes were shown to predominantly produce C16 
ceramide in line with our immunohistochemistry and lipid measurements in MS 
tissue (Fig 6a). To reveal whether astrocytes produce ASM-mediated ceramide 
upon activation, mRNA levels for ASM in primary human astrocytes isolated from 
MS lesions or from NAWM were determined. Results indicate that mRNA levels for 
@K< :1 ()$%4!8$&) 5&%:G&5 H%47 <K #&):41) Q&%& O:2O&% +aMF e>AMF9 !47L(%&5 $4 
astrocytes isolated from NAWM (Fig 6b). Due to donor-to-donor variations of the 
$O%&& 5:HH&%&1$ 5414%) 14 )$($:)$:!(# ):21:P!(1!& !4"#5 3& !(#!"#($&5 ):1!& :15:G:5"(# 
!41$%4#) Q&%& )&$ ($ CDDFX -L41 &\L4)"%& 4H ()$%4!8$&) :)4#($&5 H%47 !41$%4# QO:$& 
Active lesion
e f
g h
ji
k l
Control NAWM
Active lesion
92
Chapter 4
matter to TNF-a for 24 hrs, we observed a 
strong increase in mRNA levels for ASM. 
 !"#$%"&$'()'#*$!(+,$"*'-.$/'0 12345'36'
hrs prior to and during TNF-a exposure 
attenuates the observed increase in 
mRNA levels for ASM reducing ASM 
"78!"**.(&' )!(%' 93:;<:;' $(' 943<3;'
(Fig 6c). Finally, enhanced ASM mRNA 
expression in TNF-a treated astrocytes 
resulted in increased ceramide levels 
from 95±6 pmol to 108±7,5 pmol. The 
observed increase was attenuated by 
.&+=>#$.(&' -.$/' 0 12345' !"?=+.&@' $/"'
relative ceramide concentration to 91±5 
pmol (Fig 6d). 
FTY720P counteracts ceramide 
 !"#$%"&%!"'()%* +*&,+-- %-&+*(%-+( '!.
A(**' ()' BBB' .&$"@!.$,' #&?' $!#)C+D.&@' ()'
immune cells underlies the formation of 
new lesions in MS. In particular, ceramide 
was highly expressed in astrocytic end 
feet covering the brain vasculature (Fig 
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Fig. 6 Increased ASM levels in MS lesion 
"%- /%"&+.(-'$0(%.&+-%&+((%!#+(%"&,0&1234567. 
Primary human astrocytes mainly produce C16 
+"!#%.?"' E&'F'G' .&?.H.?=#I'?(&(!*J' KKK8L4M449'>,'
ANOVA test) (a). Astrocytes derived from active 
MS lesions (dark grey bars) show increased 
NOP' %QRN' I"H"I*' EGS;<S;T' +(%8#!"?' $('
astrocytes isolated from NAWM (light grey bars). 
(b). Astrocytes isolated from control brain increase 
NOP' %QRN' I"H"I*' =8(&'  R0UV' $!"#$%"&$' EI.@/$'
@!",' >#!*TM' W78(*=!"' ()' #*$!(+,$"*' $(' 0 12345'
8!.(!' $('  R0UV' $!"#$%"&$' *.@&.C+#&$I,' #$$"&=#$"*'
the increase in ASM mRNA expression levels (dark 
grey bars). Data represent the relative expression 
of ASM compared to the untreated control and are 
expressed as the mean ± SEM (n = 3 individual 
-"II*J'KK8L4M49'>,'NRXYN'$"*$T'E+TM'
HPLC measurements of total ceramide levels in 
#*$!(+,$"*' .&+!"#*"' #)$"!'  R0UV' $!"#$%"&$' EI.@/$'
grey bars) and returned to control levels upon 
0 12345'"78(*=!"'?=!.&@' R0UV'$!"#$%"&$'E?#!D'
grey bars). Data represent the relative expression 
of ceramide concentration compared to the vehicle 
treated controls and are expressed as the mean ± 
OWP'E&'F'G' .&?.H.?=#I'-"II*J' K8L4M4S'>,'NRXYNT'
(d). 
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2e,f, arrowhead). Since ceramide and ASM can be released from cells and possibly 
affect neighboring cells, we investigated the effect of ceramide on the integrity of the 
blood-brain barrier in vitro13,21,41,47. Brain endothelial cells (BECs) were exposed to 
C2-ceramide and sphingomyelinase while continuously monitoring transendothelial 
electric resistance6,46. Sphingomyelinase induced a rapid and drastic loss in barrier 
integrity compared to vehicle exposed cells (from 1344±10 ohm to 1128±9 ohm), 
-.$/(=$'.&?=+.&@'+"II'?"#$/'#*'?"$"!%.&"?'>,'0NZO'#&#I,*.*'E8!(8.?.=%'.(?.?"['?#$#'
not shown). Resistance showed limited recovery after the initial drop followed by a 
!#$/"!'+(&*$#&$' !"*.*$#&+"' .&' $.%"' E0.@'2#TM'Z3'+"!#%.?"'"78(*=!"'()'/ZPWZ\]G'
cells resulted in a continuous reduced barrier integrity (from 1382±8 ohm to 1293±5 
ohm) leaving the cell viability intact (data not shown) (Fig 7b). To study whether 
ceramide induced loss of BBB also results in increased migration across the BBB, 
%(&(+,$"'%.@!#$.(&' $/!(=@/'+(&^="&$'%(&(I#,"!*'()'BWZ*'"78(*"?' $('+"!#%.?"'
was determined. C2 ceramide induced a concentration dependent increase in 
%(&(+,$"'%.@!#$.(&'$/!(=@/'/ZPWZ\]G'+"II*'+(%8#!"?'$('H"/.+I"'"78(*"?'BWZ*'
E)!(%'__<:;'$('9G4<S;T'E0.@'2+TJ'#'*.%.I#!'"))"+$'-#*'(>*"!H"?'#)$"!'"78(*=!"'$('
sphingomyelinase (Fig 7d)
 To assess whether astrocyte released ceramide can induce similar effects 
on the blood-brain barrier monocyte migration was studied in the presence of 
astrocyte conditioned medium. Interestingly, monocytes migrated to a higher extent 
E96S;<34;T' $(' $/"' +(&?.$.(&"?' %"?.=%' ()' !"#+$.H"' #*$!(+,$"*' -.$/' "&/#&+"?'
ceramide production after TNF-a treatment than to conditioned medium derived from 
untreated astrocytes. Importantly, migration towards conditioned medium of reactive 
#*$!(+,$"*'$!"#$"?'-.$/'0 1U2345'8!.(!'$(' R0U#'"78(*=!"'-#*'*.@&.C+#&$I,'!"?=+"?'
E:`;<S;T'E0.@'2"TM''P(&(+,$"'%.@!#$.(&'.&'$/"'8!"*"&+"'()'%"?.=%'+(&?.$.(&"?'.&'
a similar way, but without astrocytes was not affected, demonstrating that increased 
migration as induced by astrocyte conditioned medium was not caused by remaining 
$!#+"*'()' R0U#'#&?'$/#$'0 12345'?("*'&($'.&/.>.$'%(&(+,$"'%.@!#$.(&'?.!"+$I,'E?#$#'
not shown).
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Fig. 7 Ceramide decreases transendothelial 
electrical resistance and increases monocyte 
migration.'W78(*=!"'()'+(&^="&$'%(&(I#,"!*'()'>!#.&'
endothelial cells to the ceramide producing enzyme 
sphingomyelinase (SM) results in rapid loss of barrier 
integrity compared to vehicle as measured by ECIS (a). 
Exposure of brain endothelial cells to C2 ceramide (50 
µM) results in a less pronounced but time dependent 
decrease in barrier integrity as compared to vehicle 
(b). Data are expressed as the mean ± SEM (n=4) 
O$#$.*$.+#I' *.@&.C+#&+"' EO$=?"&$a*' $U$"*$T' .*' .&?.+#$"?'
-.$/'#*$"!.*D*b'KKK5'L'4J449M' !#&*"&?($/"I.#I'%.@!#$.(&'
()'%(&(+,$"*'-#*'*$=?."?' .&'+(&$!(I'/ZPWZ\]G'+"II*'
and in cells exposed to two different concentrations of 
ceramide (25 and 50  M) compared to vehicle control 
(BSA control). Data represent the relative percentage of 
$!#&*%.@!#$"?'%(&(+,$"*' +(%8#!"?' $(' +(&$!(I' E944;'
values represent 18 ± 2.1 transmigrated monocytes). 
(c). Migration of monocytes was increased when 
/ZPWZ\]G'+"II*'-"!"'"78(*"?'$('$/"'+"!#%.?"'8!(?=+.&@'"&c,%"'*8/.&@(%,"I.&#*"'EOPT'E944;'H#I="*'
represent 67453 ±  7025 transmigrated monocytes) (d). Transendothelial migration of monocytes across 
%(&(I#,"!*'()'/ZPWZ\]G'+"II*' $(-#!?*'+(&?.$.(&"?'%"?.=%'()'#*$!(+,$"*' $/#$'-"!"'".$/"!'=&$!"#$"?'
E-/.$"'>#!*T'(!'$!"#$"?'-.$/'0 12345'E?#!D'@!",'>#!T'8!.(!'$('#&?'?=!.&@'$/"'36'/!' R0U! exposure was 
studied (light and dark grey bar). Culture medium of TNF-!'"78(*"?'#*$!(+,$"*'*.@&.C+#&$I,' .&+!"#*"?'
monocyte migration compared to control and migration was reduced to control levels upon astrocyte 
8!"$!"#$%"&$'-.$/' 0 12345' E944;' H#I="*' !"8!"*"&$' ' 9_G6G' ' <' ' 2`6_' $!#&*%.@!#$"?'%(&(+,$"*T' E"TM'
Q"*=I$*'()'+U"'#!"'*/(-&'.&';'()'+(&$!(I'-.$/'+(&$!(I'*"$'#$'944;'<'OWP'E&F6TM'O$#$.*$.+#I'*.@&.C+#&+"'
ENRXYNT'.*'.&?.+#$"?'-.$/'#*$"!.*D*b'K5'L'4M4S'J'KK5'L'4J49M'KKK5'L'4J449M
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 /"'8!"*"&$'*$=?,' .&?.+#$"*' $/#$' .&' .&^#%"?'PO'>!#.&*'#&'#I$"!"?'*8/.&@(%,"I.&'
metabolism may contribute to disease pathogenesis by favoring enhanced production 
of ceramide by reactive astrocytes which in turn induce transendothelial migration 
of monocytes over brain endothelial cells.  Importantly, we here show a possible 
#??.$.(&#I'-(!D.&@'%"+/#&.*%')(!'$/"'O95'#@(&.*$'0 12345'Ed.I"&,#®TM'0 12345'
reduces ASM-induced ceramide generation by reactive astrocytes in vitro thereby 
?#%8"&.&@' $/"' .&^#%%#$(!,' "&H.!(&%"&$' #&?' I.D"I,' +(&$!.>=$.&@' $(' $/"' !"8(!$"?'
>"&"C+.#I'"))"+$*'()'0 12345'.&'$!"#$%"&$'()'POM
 Our results demonstrate a strong decrease in total ceramide levels in brain 
homogenates of active MS lesions compared to non-neurological controls, most 
likely caused by loss of the myelin sheath. However, the ratios of both C16 and 
C18 to C24 ceramide are strongly increased in active MS lesions. Wheeler et al. 
previously demonstrated that in white matter of active and inactive MS brain tissue 
I"H"I*'()'>($/'Z9`J'#&?'Z34'+"!#%.?"'-"!"'*.@&.C+#&$I,'?"+!"#*"?' .&'#+$.H"'#&?'
inactive MS compared to control49. Moreover, it was reported that C16 ceramide 
was slightly increased and C24 ceramide revealed a trend towards a decrease 
/(-"H"!J'&('*$#$.*$.+#I'*.@&.C+#&$'?.))"!"&+"*'-"!"')(=&?M'e&'+(&$!#*$J'#'!"+"&$'*$=?,'
by Kim et al. demonstrated an increase in the levels of C18 ceramide without any 
detectable difference in C16, C20, and C24 levels in MS compared to control22. 
The main difference between these studies and our study is that we determined 
+"!#%.?"'I"H"I*'*8"+.C+#II,'.&'.%%=&(/.*$(+/"%.+#II,'-"IIU+/#!#+$"!.c"?'#+$.H"'PO'
lesions, NAWM and control brain tissue. Immunostainings revealed that reactive 
astrocytes in active MS lesions are the predominant cellular source of ceramide 
species, which is supported by increased astrocytic ASM protein expression as 
observed previously22. We observed that human astrocytes predominantly produce 
C16 ceramide. Moreover inhibition or stimulation of ASM mainly affects levels of C16 
ceramide, which has been demonstrated in different cell types21,29. The ceramide 
#&$.>(?,'=*"?' .&'(=!' *$=?,'*8"+.C+#II,' !"+(@&.c"*'Z96J'Z9:J'#&?'Z36'+"!#%.?"J'
suggesting that ASM-positive astrocytes are the main cellular source of the observed 
.&+!"#*"'.&'Z9:\Z36'#&?'Z9`\Z36'+"!#%.?"'!#$.('.&'#+$.H"'PO'I"*.(&*5.  
The sphingomyelin pathway is essential for maintaining membrane integrity 
and cell function and enzymes involved in this pathway are expressed throughout 
the brain. Here, we showed that the expression of key enzymes involved in the 
sphingomyelin pathway is altered in MS brains. SGPP2, which generates the ceramide 
precursor sphingosine is increased in astrocytes, whereas ceramide-degrading 
enzymes are virtually absent in astrocytes in MS lesions, but highly expressed in 
.&CI$!#$.&@'I"=D(+,$"*33. Moreover, all enzymes involved in the sphingomyelin cycle 
are expressed in brain endothelial cells, particularly SMS2. 
 Interestingly, astrocytes isolated from active MS lesions maintain increased 
ASM mRNA expression in culture and mRNA levels of ASM are increased upon 
"78(*=!"' ()' 8!.%#!,' /=%#&' #*$!(+,$"*' $(' $/"' 8!(U.&^#%%#$(!,' +,$(D.&"'  R0UVM'
A.D"-.*"J' .&^#%%#$(!,' %"?.#$(!*J' #>=&?#&$I,' 8!"*"&$' .&' $/"' .&^#%"?'PO' >!#.&J'
.&+I=?.&@' R0UVJ'%.@/$'+(&$!.>=$"'$('"&/#&+"?'#*$!(+,$.+'+"!#%.?"'8!(?=+$.(&M
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Immunohistochemical analysis revealed that ceramide is strikingly increased 
in the astrocytic end feet covering the brain vasculature and therefore may affect the 
function of the blood-brain barrier directly. In addition, both ceramide and ASM can 
be secreted by astrocytes and subsequently affect neighbouring cells21,41,47. Here we 
*/(-'$/#$'!"#+$.H"'.&^#%%#$(!,'#*$!(+,$"*'8!(?=+"'.&+!"#*"?'I"H"I*'()'+"!#%.?"'#&?'
provide evidence that conditioned medium of these cells impairs endothelial barrier 
function. Moreover, treatment of a layer of brain endothelial cells with C2 ceramide 
and sphingomyelinase disrupted its barrier function and increased transendothelial 
monocyte migration in vitro. C2-ceramide is re-acylated in the cell to ceramides 
with different lengths of acyl chains including C16, while sphingomyelinase is also 
able to generate different acyl chain lengths including C1628. Therefore treatment 
of endothelial cultures with C2 and sphingomyelinase resembles the pathological 
changes we observed in MS lesions. However reactive astrocytes also locally 
!"I"#*"' 8!(U.&^#%%#$(!,'%(I"+=I"*' I.D"' eAU9fJ' eA:J' #&?'PZ5U9J' -/.+/'%#,' #I*('
contribute to the observed changes in barrier function of the neurovasculature in 
MS10,34,40. Interestingly, ASM induction and increased ceramide levels induce the 
!"I"#*"'()'8!(U.&^#%%#$(!,'+,$(D.&"*'>,'#*$!(+,$"*J'8(**.>I,'$/"!">,'!".&)(!+.&@'$/"'
&"=!(U.&^#%%#$(!,'"H"&$*3,12,30. Thus, increased levels of ceramide in astrocytes in 
MS can have a profound effect on brain endothelial cells directly and indirectly by 
8!(%($.&@'#'8!(U.&^#%%#$(!,'8/"&($,8"'.&'$/"'#*$!(+,$"M'
'  ('(=!'D&(-I"?@"'-"'#!"'$/"'C!*$' $('*/(-'$/#$'0 12345'?"+!"#*"*'NOP'
enzyme expression and ceramide formation in reactive human astrocytes. This effect 
.*'%(*$' I.D"I,'%"?.#$"?' $/!(=@/'>.&?.&@'()'0 12345' $('O95
1
 and S1P
3
 receptors 
since these receptors are highly expressed on reactive astrocytes as we reported 
before35,44M'Q"+"&$I,J']#-*(&'#&?'g.&'*/(-"?'$/#$'>($/'0 1234'#&?'0 1345'+#&'
.&/.>.$' NOP' #+$.H.$,' .&' %(=*"' *D.&' C>!(>I#*$*J' #I$/(=@/' ?.!"+$' #&?' .&$!#+"II=I#!I,'
.&/.>.$(!,' "))"+$*' ()' 0 1234J' >=$' &($' 0 12345' (&' "&c,%"*' .&H(IH"?' .&' de novo 
ceramide generation are also described8.  Further studies are needed to determine 
-/.+/'*8"+.C+'!"+"8$(!'#&?'?(-&*$!"#%'8#$/-#,*'#!"'.&H(IH"?'.&'#I$"!.&@'+"!#%.?"'
I"H"I*'#&?'-/"$/"!'0 12345'%#,'#I*('/#H"'?.!"+$'.&$!#+"II=I#!'"))"+$*M'
In conclusion, we provide evidence that ceramide production is strongly 
induced in reactive astrocytes in MS lesions, which may contribute to the neuro-
.&^#%%#$(!,' 8!(+"**'>,' !"?=+.&@' $/"' .&$"@!.$,' ()' $/"'>!#.&'%.+!(H#*+=I#$=!"'#&?'
promoting consequent transendothelial leukocyte migration. We describe an 
#??.$.(&#I'%(?"'()'#+$.(&'()'0 13245'>,'!"H"#I.&@'$/#$'.$'?.!"+$I,'!"?=+"*'+"!#%.?"'
8!(?=+$.(&'>,' !"#+$.H"'#*$!(+,$"*J' $/"!">,'#$$"&=#$.&@' .&^#%%#$(!,'"H"&$*'#$' $/"'
neurovascular unit.
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 /"' *8/.&@(*.&"' 9U8/(*8/#$"' EO95T' !"+"8$(!' %(?=I#$(!' 0 12345' Ed.I"&,#®) 
8($"&$I,'!"?=+"*'!"I#8*"'!#$"'#&?'I"*.(&'#+$.H.$,'.&'$/"'&"=!(U.&^#%%#$(!,'?.*(!?"!'
%=I$.8I"'*+I"!(*.*'EPOTM'NI$/(=@/'%(*$'()'.$*'")C+#+,'/#*'>""&'*/(-&'$('>"'!"I#$"?'
to immunosuppression through the induction of lymphopenia, it has been suggested 
$/#$'#'&=%>"!'()'.$*'>"&"C+.#I'"))"+$*'#!"'!"I#$"?'$('#I$"!"?'"&?($/"I.#I'#&?'>I((?U>!#.&'
barrier functionality. However, to date it remains unknown whether brain endothelial 
S1P receptors are involved in the maintenance of the function of the blood-brain 
barrier thereby mediating immune quiescence of the brain. Here we demonstrate 
that the brain endothelial receptor S1P
5
 largely contributes to the maintenance of 
brain endothelial barrier function.  
 We analysed the expression of S1P
5
 in human post-mortem tissues using 
immunohistochemistry. The function of S1P
5
 at the blood-brain barrier was assessed 
in cultured human brain endothelial cells using agonists and lentivirus-mediated 
knockdown of S1P
5
.  Subsequent analyses of different aspects of the brain endothelial 
cell barrier included the formation of a tight barrier, the expression of blood-brain 
>#!!."!'8!($".&*'#&?'%#!D"!*'()'.&^#%%#$.(&'#&?'%(&(+,$"'$!#&*%.@!#$.(&M
We show that activation of S1P
5
 on cultured human brain endothelial cells by a 
selective agonist elicits enhanced barrier integrity and reduced transendothelial 
migration of monocytes in vitro. These results were corroborated by genetically 
silencing of S1P
5
 in brain endothelial cells. Interestingly, functional studies with 
these cells revealed that S1P
5
 strongly contributes to brain endothelial cell barrier 
)=&+$.(&' #&?' =&?"!I."*' $/"' "78!"**.(&' ()' *8"+.C+' >I((?U>!#.&' >#!!."!' "&?($/"I.#I'
characteristics such as tight junctions and permeability. In addition, S1P
5
 maintains 
the immunoquiescent state of brain endothelial cells with low expression levels of 
I"=D(+,$"'#?/"*.(&'%(I"+=I"*'#&?'.&^#%%#$(!,'+/"%(D.&"*'#&?'+,$(D.&"*'$/!(=@/'
I(-"!.&@'$/"'#+$.H#$.(&'()'$/"'$!#&*+!.8$.(&')#+$(!'R0rBM'
' X=!' C&?.&@*' ?"%(&*$!#$"' $/#$' O95
5
 in brain endothelial cells contributes 
for optimal barrier formation and maintenance of immune quiescence of the barrier 
endothelium. 
8#,%!&/+!&9''-!1, Melissa A. Lopes Pinheiro1, Gijs Kooij1, Kim Lakeman1, Bert van
het Hof1, Susanne van der Pol1, Dirk Geerts2, Jack van Horssen1, Paul van der Valk4,
Elizabeth van der Kam3, Eric Ronken5, Arie Reijerkerk1 Helga E. de Vries1**.
1Department of Molecular Cell Biology and Immunology, VU University Medical Center, 
Amsterdam, The Netherlands
2]"8#!$%"&$' ()' 5"?.#$!.+' X&+(I(@,\m"%#$(I(@,J' O(8/.#' Z/.I?!"&a*' m(*8.$#IJ' W!#*%=*'
University Medical Center, Rotterdam, The Netherlands 
3 Department of Pharmacology, Abbott GmbH & Co KG., Ludwigshafen, Germany
4Department of Pathology, VU University Medical Center, Amsterdam, The Netherlands
5Spinoza Centre for Neuroimaging, Royal Netherlands Academy of Arts and Sciences, 
Amsterdam, The Netherlands
A B S T R A C T
103
S1P5 and brain endothelial barrier function 
The vasculature of the brain is specialized to function as a barrier to protect the 
central nervous system (CNS) by restricting entry of unwanted molecules and 
immune cells into the brain. This so- called blood-brain barrier (BBB) is composed 
of highly specialized brain endothelial cells (ECs) that line the capillary wall. These 
*8"+.#I.c"?'WZ*')(!%'#'$.@/$'>#!!."!'>,'%"%>!#&"'")^=7'8=%8*'$/#$'?!.H"'+"II=I#!'
exclusion of unwanted compounds and the expression of complex tight junctions1-4, 
-/.+/'#+$.H"I,'I.%.$'+"II=I#!'.&CI$!#$.(&'.&$('$/"'>!#.&M' /"'WZ*'#!"'"&+I(*"?'$(@"$/"!'
-.$/'8"!.+,$"*'-.$/.&'$/"'>#*"%"&$'%"%>!#&"'(&$('-/.+/'#*$!(+,$"*'C!%I,'8!(s"+$'
their endfeet, thereby maintaining the barrier properties within the endothelium5. 
O$!.D.&@I,J' *"H"!#I' &"=!(.&^#%%#$(!,' #&?' &"=!(?"@"&"!#$.H"' ?.*"#*"*' *=+/' #*'
%=I$.8I"'*+I"!(*.*'EPOTJ'/=%#&'.%%=&(?"C+."&+,'H.!=*'EmeYT'#**(+.#$"?'?"%"&$.#J'
capillary cerebral amyloid angiopathy (capCAA) and stroke are associated with an 
impaired function of the BBB6-9. Especially in MS, an altered BBB function leads to 
enhanced entry of immune cells and potentially toxic compounds into the CNS10-12. 
To date, it remains largely unknown which mechanisms underlie the altered BBB in 
*=+/'&"=!(I(@.+#I'?.*(!?"!*M' /"'.?"&$.C+#$.(&'()'$#!@"$*'$('!"*$(!"'.%8#.!"?'>#!!."!'
function may provide novel tools for treatment.
 Sphingosine 1-phosphate (S1P) binding G-protein-coupled receptors 
(GPCRs) are thought to be involved in the regulation of the vasculature. In general, 
O95'*.@&#I*' $/!(=@/'CH"'d5ZQ*'>"I(&@.&@' $(' $/"'"&?($/"I.#I'?.))"!"&$.#$.(&'@"&"'
(EDG) family which entails: S1P
1
 (EDG-1), S1P
2
 (EDG-5), S1P
3
 (EDG-3), S1P
4
 
(EDG-6), and S1P
5
 (EDG-8). The S1P receptors are coupled to different G-proteins 
resulting in divergent downstream signaling pathways. For example, S1P
1
 is 
8!(8(*"?'$('+(=8I"'$('dV
i
'#&?'dV
o
 while S1P
5
'.*'$/!(=@/'$('.&$"!#+$'-.$/'dV
i
J'dV
o
, 
dV
12
J' #&?'dV
13
13. Consequently, signaling of S1P through its receptors affects a 
broad variety of signaling processes ranging from pathways involved in cell survival, 
proliferation, motility to differentiation. S1P receptors are essential in proper vascular 
?"H"I(8%"&$'*.&+"'?"C+."&+,'()')(!'"7#%8I"'O95
1
 results in early embryonic death 
due to defects in vascular maturation14. Moreover, numerous S1P-driven endothelial 
cell responses are reported and are found to be crucial for proper development, 
maintenance and regulation of peripheral vascular beds. S1P-mediated effects on 
the function of the endothelium are attributed to modulation of S1P
1
 and S1P
3
. S1P 
receptors are currently under extensive investigation since clinical trials demonstrate 
*.@&.C+#&$' !"?=+$.(&' ()' ?.*"#*"' *"H"!.$,' .&' &"=!(I(@.+#I' E#=$(.%%=&"T' ?.*"#*"'
models by targeting these receptors15-19. In addition, two phase III clinical trails 
E QNRO0XQPOJ'0QWW]XPOT'+(&+"!&.&@' $/"'O95' !"+"8$(!'%(?=I#$(!'0 12345'
(Gilenya®) for treatment of relapsing remitting MS (RRMS) deliver robust data 
?"%(&*$!#$.&@'@!"#$I,'!"?=+"?'!"I#8*"'!#$"*J'*.@&.C+#&$'!"?=+$.(&'.&'I"*.(&'#+$.H.$,J'
and lower risk of disability progression20, 21.
The recent availability of non-selective and selective S1P receptor agonists 
has led to an increasing amount of data about S1P receptor expression and their 
impact on cellular function in the CNS. Apparent CNS effects of S1P receptor 
%(?=I#$(!*'*=+/'#*'0 12345'#&?'O95'.$*"I)'#!"'$!#&*I#$"?'.&$(')(!'"7#%8I"'!"?=+"?'
.%%=&"'+"II'.&CI$!#$.(&'#+!(**'$/"'>!#.&'H#*+=I#$=!"22-25. Recently, we demonstrated 
I N T R O D U C T I O N
104
Chapter 5
increased astrocytic S1P
1
 and S1P
3
 expression in active MS lesions and an anti-
.&^#%%#$(!,'"))"+$'()'0 12345'E#+$.H"')(!%'()'0 1234T'(&'8!.%#!,'/=%#&'#*$!(+,$"'
cultures26. Interestingly, while S1P
1-4
 receptors are widely expressed throughout the 
body, S1P
5
 expression is more or less restricted to the brain. It was therefore the 
aim of this study to investigate the involvement of S1P
5
'.&'=&?"!I,.&@'.&^#%%#$(!,'
processes in the CNS leading to MS lesion development. We here show that S1P
5 
is primarily expressed on brain endothelial cells in human brain suggesting a key 
role of S1P
5
 in BBB maintenance. Our functional studies show that S1P
5
 is not only 
crucial for the maintenance of the BBB but is also a key modulator of endothelial 
.&^#%%#$.(&' 8!(+"**"*M' tI$.%#$"I,J' *8"+.C+' $#!@"$.&@' ()' H#*+=I#!' O95
5
 and 
*=>*"k="&$'!"8#.!'()'$/"'>I((?U>!#.&'>#!!."!'.&'8#$."&$*'-.$/'.&^#%%#$(!,'?.*(!?"!*'
%#,'/#H"'$/"!#8"=$.+'>"&"C$*M
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Autopsy material
Brain tissue from three non-neurological controls (Table 1) was obtained at rapid 
#=$(8*,'#&?'.%%"?.#$"I,')!(c"&'.&'I.k=.?'&.$!(@"&'(!'C7"?'.&')(!%#I.&'E.&'+(II#>(!#$.(&'
with The Netherlands Brain Bank, coordinator Dr. Huitinga). The Netherlands Brain 
Bank received permission to perform autopsies for the use of tissue and for access 
to medical records for research purposes from the Ethical Committee of the VU 
University Medical Center, Amsterdam, The Netherlands. Tissue samples from 
control cases without neurological disease were taken from the subcortical white 
matter. All controls, or their next of kin, had given informed consent for autopsy and 
the use of their brain tissue for research purposes.
Immunohistochemistry
 !"#$%%&'!($)*!+(,%$+-.#-'-./)$)0#123%#+"/!),+*$!')#4,",#5"!+,)),6#-'6#)*-$',6#
as described previously277# 8"$,9/0# ),+*$!')# 4,",# $'+&:-*,6# !;,"'$<(*# -*# =>?#4$*(#
primary antibodies against S1P
5
 (1:200) (Santa Cruz Biotechnology, Santa Cruz, CA, 
USA and Imgenex, San Diego, CA, USA). Subsequently, sections were incubated with 
EnVision+ Dual Link (DAKO, Glostrup, Denmark) according to the manufacturer’s 
6,)+"$5*$!'7#@$-%$'!:,'A$6$',#*,*"-+(.!"$6,#B@C8D#@CEF0#G.!)*"&50#@,'%-"HI#4-)#
&),6# -)# *(,# +("!%!<,'7#C'*$:!6$,)#4,",# 6$.&*,6# $'#J8K# +!'*-$'$'<# L7MN#:!;$',#
serum albumin (Boehringer Mannheim, Mannheim, Germany), which also served 
as a negative control. For colocalization studies, sections were incubated for 30 
%$'&*,)#4$*(#1N#<!-*#),"&%7#K&:),O&,'*./0#),+*$!')#4,",#$'+&:-*,6#4$*(#5"$%-"/#
-'*$:!6$,)#-)#6,)+"$:,6#-:!;,#-'6#4$*(#%!&),#-'*$#?@PM#BMQRLLD#@CEFI7#K,+*$!')#
were then incubated with goat anti-mouse Alexa 488 and goat anti-rabbit Alexa 594 
secondary antibodies (1:400 Molecular Probes, Eugene OR, USA). Omission of 
primary antibodies served as a negative control.
Endothelial cell culture
S(,#(&%-'#:"-$'#,'6!*(,.$-.#+,..#.$',#(?TU?V@P#4-)#H$'6./#5"!;$6,6#:/#J"!W7#J2F7#
Couraud (Institut Cochin, Université Paris Descartes, Paris, France)28 and grown 
in Endothelial Cell Basal Medium-2 supplemented with hEGF, hydrocortisone, GA-
1000, FBS, VEGF, hFGF-B, R32XG 2M0#-)+!":$+#-+$6#-'6#R01N#W,*-.#+-.W#),"&%#BUGT2
2, Lonza, Basel, Switzerland). Cells were cultured as described before29.
M A T E R I A L  A N D  M E T H O D S
Table 1 Clinical data of non-neurological controls
Case Age
(years)
Type
of MS
Sex Post-mortem
delay (h:min)
Disease
Duration
(years)
Cause of
death
Control 89 NA F 6 NA Old age
Control 89 NA M 16 NA Dehydration
Control 84 NA F 5 NA Resp. failure
NA=not applicable; m=male; f = female.
 !"#$%& Clinical data of non-neurological controls
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Lentiviral shRNA for S1P5 knockdown
Selective gene knockdown was obtained by using a vector-based short hairpin (sh) 
RNA technique as described before30. Plasmids encoding S1P
5
# )5,+$Y+# )(Z[C)#
were obtained from Sigma (TRCN0000004752, St Louis, MO, USA). Recombinant 
.,'*$;$"&),)#4,",#5"!6&+,6#:/#+!2*"-')W,+*$'<#)&:+!'9&,'*#\UE#R]PS#+,..)#4$*(#*(,#
)5,+$Y+# ,^5",))$!'# 5.-)%$6)# -'6# 5-+H-<$'<# 5.-)%$6)# B5T@_<V5ZZU0# 5ZK 2`Z,;#
and pMD2G) using calcium phosphate as a transfection reagent. HEK 293T cells 
4,",#+&.*&",6#$'#@TUT#)&55.,%,'*,6#4$*(#MLN# ?K0#MN#5,'$+$..$'V)*",5*!%/+$'0#$'#
-#Pa>?#$'+&:-*!"#4$*(#1N#?F
2
. 48 hrs after transfection, infectious lentiviruses were 
collected and stored at -80°C. Subsequently, lentiviruses expressing S1P
5
#)5,+$Y+#
)(Z[C# 4,",# &),6# *!# *"-')6&+,# (?TU?V@P# +,..)7# ?!'*"!.# +,..)# 4,",# <,',"-*,6#
by transduction with lentivirus expressing non-targeting shRNA (SHC002, Sigma, 
K*# _!&$)0# TF0# bKCI7#  !"*/2,$<(*# (!&")# -W*,"# $'W,+*$!'# !W# (?TU?V@P# +,..)# 4$*(#
the shRNA-expressing lentiviruses, stable cell lines were selected by puromycin 
*",-*%,'*# BR# c<V%.I7# S(,# ,^5",))$!'# H'!+H6!4'# ,WY+$,'+/# 4-)# 6,*,"%$',6# :/#
quantitative PCR (qPCR). 
Quantitative PCR
All oligonucleotides were synthesized by Ocimum Biosolutions (Ocimum Biosolutions, 
IJsselstein, the Netherlands (Table 2) RNA was isolated using the AurumTM Total 
RNA capture kit (Biorad, CA, USA) according to the manufacturer’s instructions. 
cDNA was synthesized with the Reverse Transcription System kit (Promega, USA) 
following manufacturer’s guidelines as described previously31. qPCR reactions were 
5,"W!"%,6# $'# -'# C8Xa]LL\S# ),O&,'+,# 6,*,+*$!'# )/)*,%# 4$*(# *(,# Kd8Z# G",,'#
method (Applied Biosystems, Carlsbad, CA, USA). Obtained expression levels of 
transcripts were normalized to GAPDH expression levels.
Western Blot
Cell homogenates were prepared by replacing the culture medium with sodium 
6!6,+/.# )&.W-*,# BK@KI# )-%5.,# :&WW,"# +!'*-$'$'<# 1N# e2%,"+-5*!,*(-'!.# -'6#
subsequent heating at 95°C for 5 min. Samples were separated by SDS-PAGE and 
blotted onto nitrocellulose membranes. Membranes were blocked with Odyssey 
block buffer and incubated with an antibody against S1P
5
 (Santa Cruz Biotechnology, 
Santa Cruz, CA, USA). Binding was visualized using the Odyssey® Infrared Imaging 
System after application of IgG labeled with Infrared dye (IRdye) 800 (Rockland 
X%%&'!+(,%$+-.)0#G$.:,"*);$..,0#JCI7# !"#O&-'*$Y+-*$!'0#KMJ1#5"!*,$'# .,;,.)#4,",#
+!"",+*,6#W!"#*&:&.$'#&)$'<#-#)5,+$Y+#-'*$2*&:&.$'#-'*$:!6/#B?,6-".-',0#?-'-6-I7#S(,#
basal expression of p65 in S1P
5
 knockdown and control cells was assessed with a 
rabbit anti-p65 antibody (Cell Signaling Technology, Danvers, MA, USA) followed by 
secondary donkey anti-rabbit 800 (IRDye). Protein expression was normalized to 
beta-actin (Santa Cruz Biotechnology, Santa Cruz, CA) detected with donkey anti-
goat 680 (IRDye).
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Immunocytochemistry
Transduced (mock and S1P
5
I# (?TU?V@P# +,..)# 4,",# 5.-*,6# $'# +!..-<,'# +!-*,6#
µ-slide 8 well slides (Ibidi, Martinsried, Germany) and cultured as described before. 
b5!'#+!'9&,'+,0#+,..)#4,",#+&.*&",6#$'#U'6!*(,.$-.#?,..#8-)-.#T,6$&%2R#+!'*-$'$'<#
R01N#(&%-'#),"&%#-'6#1#'<V%.#: G #!;,"#'$<(*#-'6#Y^,6# $'#=N# W!"%-.6,(/6,#
BK$<%-0#K*#_!&$)0#TF0#bKCI#$'#J8K#BG$:+!I#$'#*(,#5",),'+,#!W#L01N#S"$*!'#BK$<%-0#
K*# _!&$)0#TF0#bKCI7#?,..)#4,",#4-)(,6# -'6# :.!+H,6#4$*(#J8K# +!'*-$'$'<# L0MN#
8KC#BK$<%-0#K*#_!&$)0#TF0#bKCI#-'6#1N#'!"%-.#<!-*#),"&%#B[GKI7#K&:),O&,'*./0#
cells were incubated with mouse anti-VE-cadherin primary antibody (1:500: Becton 
f#@$+H$')!'I# $'# J8K# +!'*-$'$'<# L7MN# 8KC# -'6# 1N#[GK# !;,"# '$<(*7# ?,..)# 4,",#
washed and incubated with goat anti-mouse Alexa 488 secondary antibody (1:400: 
Molecular Probes). After washing the cells with PBS, rhodamine phalloidin (1:300) 
(Molecular Probes) was used for F-actin staining and Hoechst (1:1000 Molecular 
Probes) for nuclear staining. 
'#$()*+(!#%,$##-./".)*!)$%012$3!4($%5$4.+46%7',058
S"-'),'6!*(,.$-.# ,.,+*"$+# ",)$)*-'+,# $'# +!'9&,'*# %!'!.-/,")# !W# (?TU?V@P# +,..)#
4-)#%,-)&",6#&)$'<#-'#U?XK#%!6,.#gS(,*-#BC55.$,6#8$!J(/)$+)0#[dI#-'6#hiMLUj#
-""-/)7#X'#)(!"*0#PLL#3.#+,..#)&)5,')$!'#BM0L#^#ML5 cells) was added to in each well in 
U'6!*(,.$-.#?,..#8-)-.#T,6$&%2R#)&55.,%,'*,6#4$*(#R01N#(&%-'#),"&%#-'6#1#k<V
%.#: G 7#?,..)#4,",#),,6,6#$'#%,6$&%#+!'*-$'$'<#@TKF#BM#3T#),";$'<#-)#;,($+.,#
+!'*"!.I0# SdaRLJ#BM#3TI0#!"#-#KMJ
5
#),.,+*$;,#-<!'$)*#BM#3T#+!%5!&'6#Mh0#-#H$'6#
gift from Prof.dr. Stephen Hanessian, Université de Montreal, Montreal, Canada)32. 
Prior to seeding the collagen-coated ECIS arrays were equilibrated with growth 
medium and Rb values were calculated using ECIS software version 1.2.55.0 PC.
9$*1$!"+#+):%;<%)=$%"*!+4%$43;)=$#+!#%#!:$*
Permeability of human brain endothelial cell monolayers was analyzed as described 
previously337# (?TU?V@P#-'6# (?TU?V@P#KMJ
5
 knock-down cells were seeded at 
+!'9&,'+,#!'*!#+!..-<,'2+!-*,6#?!)*-"#S"-')4,..#Y.*,"#B5!",2)$A,#L7=#c%D#?!"'$'<#
esreveRecneuqeSdrawroFecneuqeSremirP
S1P1 5’TGCGGGAAGGGAGTATGTTT-3’ 5’-CGATGGCGAGGAGACTGAAC-3’
S1P2 5’-TCTCTACGCCAAGCATTATGTGC-3’ 5’-TGGCCAACAGGATGATGGA-3’
S1P3 5’-TGCAGCTTCATCGTCTTGGAG-3’ 5’-GCCAATGAAAAAGTACATGCGG-3’
S1P5 5’-CCTTGGTGGCATGTTGGG-3’ 5’-GGGTTCAGAAGTGAGTTGGG-3’
5’TULG -GCCCCTGTGAAGATTGAGAG-3’ 5’-CCCGAAGCAGCCAATCC-3’
5’PRCB -AGATGGGTTTCCAAGCGTTCAT-3’ 5’-CCAGTCCCAGTACGACTGTGACA-3’
5’PGP -GTCCCAGGAGCCCATCCT-3’ 5’-CCCGGCTGTTGTCTCCATA-3’
5’nirehdac-EV -TGACGTGAACGACAACTGGC-3’ 5’-GACGCATTGAACAACCGATG-3’
5’5-nidualC -GCCCCTGTGAAGATTGAGAG-3’ 5’-CCCGAAGCAGCCAATCC-3’
TNF-α 5’-CCAAGCCCTGGTATGAGCC-3’ 5’-GCCGATTGATCTCAGCGC-3’
IL-1β 5’-GCTGATGGCCCTAAACAGATG-3’ 5’- GCAGAGGTCCAGGTCCTGG-3’
5’8-LI -TGAGAGTGGACCACACTGCG-3’ 5’-TCTCCACAACCCTCTGCACC-3’
5’1-PCM -ATCTCAGTGCAGAGGCTCGC-3’ 5’-GCACAGATCTCCTTGGCCAC-3’
5’MACV -TGAAGGATGCGGGAGTATATGA-3’ 5’-TTAAGGAGGATGCAAAATAGAGCA-3’
5’MACI -TAGCAGCCGCAGTCATAATGGG-3’ 5’-AGGCGTGGCTTGTGTGTTCG-3’
 !"#$%>%Primers
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X'+!"5!"-*,60#?!"'$'<0#[d0#bKCI#$'#<"!4*(#%,6$&%#+!'*-$'$'<#R71N# ?K#-'6#<"!4'#
W!"#=#6-/)7#J-"-+,..&.-"#5,"%,-:$.$*/#*!# XS?26,^*"-'#BM1L#H@-0#1LL#c<V%.#$'#+&.*&",#
%,6$&%D#K$<%-0#K*#_!&$)0#TF0#bKC2C.6"$+(I#$'#*(,#-5$+-.#*!#:-)!.-*,"-.#6$",+*$!'#4-)#
assayed at various time points. Samples were collected from the acceptor chambers 
W!"# %,-)&",%,'*# !W# 9&!",)+,'+,# $'*,')$*/# &)$'<# -#  _bF)*-"# G-.-^/# %$+"!5.-*,#
reader (BMG Labtechnologies), excitation 485 nm and emission 520 nm.
Monocyte migration
Human blood monocytes were isolated from buffy coats of healthy donors (Sanquin, 
Blood Bank, Amsterdam, NL) by Ficoll gradient and CD14-positive beads34. Control 
and S1P
5
#H'!+H6!4'#(?TU?V@P#+,..)#4,",#),,6,6#-*#+!'9&,'+,#!'*!#+!..-<,'2
+!-*,6# ?!)*-"# S"-')4,..# Y.*,")# B5!",2)$A,# 1#  %D# ?!"'$'<# X'+!"5!"-*,60# ?!"'$'<0#
[d0# bKCI# $'# <"!4*(# %,6$&%# +!'*-$'$'<# R71N#  ?K# -'6# 4,",# <"!4'# W!"# =# 6-/)7#
U'6!*(,.$-.# +,..)# 4,",# ,^5!),6# *!#@TKF# BM# 3TI# -)# -# ;,($+.,# +!'*"!.0#  SdaRLJ#
BM#3TI#!"#KMJ
5
#-<!'$)*# BM#3TI#-<!'$)*# W!"#Ml#(")#-'6#4-)(,6#5"$!"# *!#-66$*$!'#!W#
monocytes357#\,",-W*,"0#MLL#3.#M7l#^#ML6V%.#5"$%-"/#(&%-'#%!'!+/*,)#)&)5,'6,6#
$'#U'6!*(,.$-.#+,..#G"!4*(#%,6$&%2R#+!'*-$'$'<#R01N#W,*-.#+-.W#),"&%#4,",#-66,6#
to the upper compartment for 8 hrs at 37C00#1N#?F
2
 in air, Next, the suspension 
in the lower compartment containing transmigrated monocytes was harvested and 
O&-'*$Y,6#&)$'<#-'*$2?@M=#:,-6)#B .!42+!&'*#9&!"!)5(,",)0#8,+H%-'?!&.*,"0#X'+70#
8",-0#?C0#bKCI#-'6#)&:),O&,'*# C?K+-'#9!4#+/*!%,*,"#B8,+*!'f@$+H$')!'0#K-'#
Jose, CA, USA) analyses.
Monocyte adhesion assay
T!'!+/*,# -6(,)$!'# *!# +!'9&,'*# %!'!.-/,")# !W# +!'*"!.# -'6# KMJ1# H'!+H6!4'#
(?TU?V@P# +,..)# 4-)# -'-./A,6# :/# &)$'<# 5"$%-"/# (&%-'# %!'!+/*,)# $)!.-*,6# -)#
6,)+"$:,6# :,W!",7# \&%-'# %!'!+/*,)# 4,",# 9&!",)+,'*./# .-:,..,6# 4$*(# L01# 3T#
+-.+,$'2C%#BT!.,+&.-"#J"!:,)0#U&<,',#FZ0#bKCI##-'6#)&)5,'6,6#$'#ZJTX#j#L01N#
8KC#j#R1#%T#\,5,)#*!#-#Y'-.#+!'+,'*"-*$!'#!W#M#^#ML6 cells36. A standard curve of 
(&%-'#%!'!+/*,)#4-)#%-6,#4$*(#L0#MR710#R10#1L0#-'6#MLLN#!W#*($)#+,..#)&)5,')$!'7#
Endothelial cells were washed and monocytes were added and incubated for 5, 
M10# PL0# -'6# lL#%$'7# $'# -# Pa>?# $'+&:-*!"#4$*(# 1N#?F
2
. Non-adherent cells were 
removed and adherent cells were lysed with 0,1M NaOH. Fluorescence intensity 
4-)# %,-)&",6# B _bF)*-"# G-.-^/0# 8TG# _-:*,+('!.!<$,)0# FWW,':&"<0# G,"%-'/D#
excitation 480 nm, emission 520 nm) and the number of adhered monocytes was 
calculated using the standard37.
Flow cytometric analysis
Control and S1P
5
#H'!+H6!4'#(?TU?V@P#+,..)#4,",#6,*-+(,6#W"!%#R=24,..#+&.*&",#
5.-*,)0#4-)(,6#-'6#$'+&:-*,6#4$*(#%!'!+.!'-.#%!&),#-'*$2X?CT2M#BZ,H2M0#1#3<V%.0#
a kind gift from the Department of Tumour Immunology, University Medical Center 
St. Radboud, Nijmegen, the Netherlands) or mouse anti-VCAM-1 (AbD Serotec, 
UK) for 30 min at 4°C38. Binding was detected using goat anti-mouse Alexa 488 
(Molecular Probes, Eugene, OR). Omission of primary antibodies served as negative 
+!'*"!.7#S!#$';,)*$<-*,#*(,#"!.,#!W#[ m8#$'#*(,#,'(-'+,6#$'9-%%-*!"/#)*-*&)#!W#KMJ
5
 
H'!+H6!4'#+,..)0#*(,#+,..)#4,",#*",-*,6#W!"#Ml#(#4$*(#=#cT#[ m8#$'($:$*!"#8-/#MM2
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S1P5 and brain endothelial barrier function 
7085 (Sigma, MO, USA) or vehicle control. Fluorescence intensity was measured 
&)$'<#-# C?K#?-.$:&"#9!4#+/*!%,*,"#B8,+*!'#f#@$+H$')!'0#K-'#n!),0#?C0#bKCI7#S(,#
%,-'#9&!",)+,'+,#$'*,')$*/#4-)#&),6#-)#-#%,-)&",#W!"#*(,#,^5",))$!'#!W#X?CT2M#
and VCAM-1.
Statistical analysis
Data are presented as ± SEM and were analyzed statistically by means of single-
+!.&%'#*2*,)*7#K*-*$)*$+-.#)$<'$Y+-'+,#4-)#6,Y',6#-)#oJ#pL0L10#ooJ#pL0LLR0#-'6#oooJ#
pL0LLM7
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5&9?%+.%=+6=#:%$@2*$..$3%":%"*!+4%(!2+##!*+$.%+4%)=$%=/1!4%"*!+4
The expression of the S1P
5
 was analyzed in the white matter of non-neurological 
control patients. Immunohistochemical staining with the two different anti-S1P
5
 
antibodies, clone H-88 (Santa Cruz) (Figure 1a) and IMG-71372 (Imgenex) (Figure 
1b), essentially yield identical results. Both antibodies revealed that human brain 
capillaries in the white and the grey matter (not shown) constitutively express S1P
5
. 
?!.!+-.$A-*$!'# )*&6$,)# &)$'<# *(,# ,'6!*(,.$-.#%-"H,"#?@PM# BJU?CT2MD#  $<&",# M+I#
R E S U L T S
Figure 1. S1P
5
 is expressed in the human 
($*$"*;A!.(/#!)/*$B Capillaries in white matter from 
non-neurological human controls show strong S1P
5
 
expression. Human S1P
5
 expression was determined 
with either the Santa Cruz (a) or the Imgenex (b) 
antibody both showing similar staining patterns. 
Colocalization studies with the endothelial cell marker 
?@PM# B+I# +!'Y"%,6# *(-*# ,'6!*(,.$-.# +,..)# ,^5",))#
)$<'$Y+-'*#.,;,.)#!W#KMJ
5
 (d) in human brain capillaries 
B,I7# KMJ# ",+,5*!"# Z[C# ,^5",))$!'# .,;,.)# !W# (?TU?V
D3 cells were determined by qPCR. S1P
1
 expression 
was most abundant while there was no detectable level 
of S1P
4
 expression. Receptor expression was detected 
in the following order: S1P
1
qKMJ
5
qKMJ
3
qKMJ
2
 where 
S1P
1
# ,^5",))$!'# .,;,.# 4-)# ),*# -*# MLLN# BWI7# Z[C#
encoding for S1P4 was undetectable (n.d.). Data 
represent ± SEM of three independent experiments.
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S1P5 and brain endothelial barrier function 
together with antibodies against S1P
5
 
B $<&",# M6I# $6,'*$Y,6# ,'6!*(,.$-.#
cells as the most predominant S1P
5
 
expressing cell type within the human 
brain (Figure 1e). Gene expression 
analysis of the different S1P receptors 
$'# (?TU?V@P# +,..)# $'6$+-*,6# *(-*#
brain endothelial cells express all S1P 
receptors except S1P
4 
at different 
levels (S1P
1
qKMJ
5
qKMJ
3
qKMJ
2
 with 
S1P
1
#:,$'<#*(,#($<(,)*D# $<&",#MWI7
FTY720P and a selective S1P5 
agonist enhance transendothelial 
electrical resistance
To investigate the role of S1P
5
 in 
brain endothelial cell barrier function, 
we measured paracellular resistance 
W!"%-*$!'# :/# (?TU?V@P# +,..)# 4($.,#
,^5!),6# *!# ,$*(,"#  SdaRLJ# !"# *(,#
selective S1P
5
 agonist39 by means 
of ECIS. Our results show that S1P 
receptor activation by the non-selective 
KMJ# ",+,5*!"# -<!'$)*#  SdaRLJ#
)$<'$Y+-'*./# $'+",-),)# :-""$,"#
formation in comparison with control 
cells (Figure 2a). At the same time, 
stimulation of the brain endothelial 
cells with the selective S1P
5
 agonist 
-.)!# )$<'$Y+-'*./# ,'(-'+,6# :-""$,"#
formation in comparison to controls 
(Figure 2b), indicating that S1P
5
 
agonism modulates barrier formation. 
Moreover, treatment of brain 
Figure 2. S1P
5
%!()+A!)+;4%$4=!4($.%"!**+$*%$43;)=$#+!#%+4)$6*+):. S1P receptor modulators were used 
to determine their effect of the transendothelial electrical resistance (TEER) as assayed through ECIS. 
B-I#S(,#'!'2),.,+*$;,#KMJ#",+,5*!"#%!6&.-*!"# SdaRLJ#BML-6M in DMSO) enhanced the transendothelial 
,.,+*"$+-.#",)$)*-'+,#BSUUZI#!W#(?TU?V@P#+,..)#*!#M7PR#!(%7+%2 ± 0.02, n=3 compared to vehicle control 
-*#Y'-.#*$%,#5!$'*#BM7ML#!(%7+%2 r#L7LP0#'sPI7#K*-*$)*$+-.#)$<'$Y+-'+,#B*2*,)*I#$)#$'6$+-*,6#4$*(#-)*,"$)H)Q#oJ#
p#L0L1#-'6#ooJ#p#L0LL17#B:I#S(,#),.,+*$;,#KMJ
5
 agonist (10-6T#$'#@TKFI#,'(-'+,6#SUUZ#!W#(?TU?V@P#
cells to 1.91 ohm.cm2#r#L7LP0#'s=#-*#Y'-.#*$%,#5!$'*#+!%5-",6#*!#;,($+.,#+!'*"!.#BM7aR#!(%7+%2 ± 0.05, n=4) 
B8I7#S(,#Z:#;-.&,)#",5",),'*#*(,#%,-'#r#KUT#!W#W!&"#$'6,5,'6,'*#,^5,"$%,'*)7#K*-*$)*$+-.#)$<'$Y+-'+,#
B*2*,)*I#$)#$'6$+-*,6#4$*(#-)*,"$)H)Q#oJ#p#L0L17#B+I#8!*(#*(,#'!'2),.,+*$;,#KMJ#",+,5*!"#%!6&.-*!"# SdaRLJ#
(10-6M in DMSO) and the selective S1P
5
 agonist (10-6T#$'#@TKFI#",6&+,6#5,"%,-:$.$*/#!W#(?TU?V@P#
+,..)#W!"# XS?26,^*"-'#B @#aLI#:/#lP7RN#r#=7l#B's=I#-'6#lM7aN#r#17L#B's=I0#",)5,+*$;,./7# .&!",)+,'+,#
$'*,')$*/#;-.&,)#",5",),'*#%,-'#r#KUT#!W#W!&"#$'6$;$6&-.#,^5,"$%,'*)#4$*(#(?TU?V@P#;-.&,#-*#1(#),*#-*#
MLLN#BMLL7LN#r#MM7h0#'s=I7##K*-*$)*$+-.#)$<'$Y+-'+,#B*2*,)*I#$)#$'6$+-*,6#4$*(#-)*,"$)H)Q#oJ#p#L7L17
112
Chapter 5
,'6!*(,.$-.#%!'!.-/,")#4$*(#:!*(#*(,#'!'2),.,+*$;,#KMJ#",+,5*!"#%!6&.-*!"# SdaRLJ#
and the selective S1P
5
#-<!'$)*#)$<'$Y+-'*./#",6&+,6#5,"%,-:$.$*/#!W#(?TU?V@P#+,..)#
W!"# XS?26,^*"-'#BaLH@I#:/#lP7RN#r#=7l#-'6#lM7a#r#17L0#",)5,+*$;,./#B $<&",#R+I7
S1P agonism reduces transendothelial migration of monocytes.
i,#',^*#)*&6$,6#*(,#,WW,+*#!W# SdaRLJ#-'6#*(,#),.,+*$;,#KMJ
5
 agonist on a hallmark 
!W#',&"!2$'9-%%-*$!'0#'-%,./#%!'!+/*,#%$<"-*$!'#-+"!))#*(,#:"-$'#,'6!*(,.$-.#+,..#
:-""$,"7#(?TU?V@P#+,..)#4,",#,^5!),6# *!# SdaRLJ#!"# *(,#),.,+*$;,#KMJ
5 
agonist 
for 24 hrs prior to the addition of primary human monocytes. In concordance with 
Figure 3. Endothelial S1P
5
 activation decreases monocyte transmigration7#  SdaRLJ# BML-6 M in 
@TKFD#-I#-'6#-#S1P
5
 agonist (10-6#T#$'#@TKFD#:I#4,",#-66,6#*!#+!'9&,'*#%!'!.-/,")#!W#(?TU?V@P#
+,..)#W!"#R=(7#T!'!+/*,#%$<"-*$!'#4-)#-))-/,6#:/#*$%,#.-5),#%$+"!)+!5/0# SdaRLJ#*",-*%,'*#!W#*(,#:"-$'#
,'6!*(,.$-.#+,..)#",6&+,#%!'!+/*,#%$<"-*$!'#*!#117PN#r#a7=R#B'sPI#+!%5-",6#*!#+!'*"!.#BMLl7LN#r#l7M=#
'sPD#-I#-'6#*",-*%,'*#4$*(#*(,#),.,+*$;,#KMJ
5
#-<!'$)*#",6&+,6#%!'!+/*,#%$<"-*$!'#*!#a17]N#r#L7lh#'sPD#
:I7#8!*(# SdaRLJ#-'6#KMJ
5
#-<!'$)*#*",-*,6#+,..)#)(!4#",6&+,6#`?CT2M#,^5",))$!'#B+!'*"!.Q#MLL7LN#r#
Ma7LD#KMJ
5
#-<!'$)*#l=7hN#r#h7]0#'sPD#+I#-'6#$'+",-),6#`U2+-6(,"$'#,^5",))$!'#B+!'*"!.Q#MLL7LN#r#h71D#
S1P
5
#-<!'$)*Q#MRl7PN#r#R7#l0#'sPD#6I7#`-.&,)#",5",),'*#*(,#%,-'#r#KUT#!W#*(",,#$'6$;$6&-.#,^5,"$%,'*)#
,-+(#5,"W!"%,6# $'# *"$5.$+-*,#4$*(#+!'*"!.)#),*#-*#MLLN7#K*-*$)*$+-.# )$<'$Y+-'+,# B*2*,)*I# $)# $'6$+-*,6#4$*(#
-)*,"$)H)Q#oJ#p#L7L1#ooJ#p#L7LLR#-'6#oooJ#p#L7LLM
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S1P5 and brain endothelial barrier function 
*(,# ",)&.*)# 6,)+"$:,6# -:!;,0# *",-*%,'*# 4$*(# :!*(#  SdaRLJ# B $<&",# P-I# -'6# *(,#
selective S1P
5
 agonist (Figure 3b) resulted in reduced transmigration of monocytes 
-)#+!%5-",6#*!#;,($+.,2*",-*,6#(?TU@V@P#+,..)7# X*# $)#!W# $'*,",)*# *(-*# *(,#",6&+,6#
transendothelial migration of monocytes across treated endothelial cells coincided 
with a decreased mRNA expression of the leukocyte adhesion molecule VCAM-1 
(Figure 3c) and increased expression of the cell-cell junction protein VE-cadherin 
(Figure 3d), suggesting that S1P
5 
-<!'$)%#",6&+,6#*(,#$'9-%%-*!"/#)*-*&)#!W#*(,#
brain endothelium. 
5&9?%+.%$..$4)+!#%<;*%)=$%"*!+4%$43;)=$#+!#%($##%"!**+$*%2=$4;):2$%
To further elucidate the mechanism of the S1P
5
 at the brain endothelium, we generated 
-#:"-$'#,'6!*(,.$-.#+,..# .$',#B(?TU@V@P#)&:+.!',#URI#4$*(#",6&+,6#,^5",))$!'#!W#
S1P
5
. Transduction of brain endothelial cells with lentiviruses expressing a S1P
5
-
)5,+$Y+# )(Z[C)0# ",6&+,6# *(,# ,^5",))$!'# !W# KMJ
5 
as determined by qPCR to 
undetectable levels (Fig 4a). Protein levels of S1P
5 
4,",#",6&+,6#:/#1aN#B $<&",#
4b). Of note, S1P
5 
knockdown cells also displayed reduced expression of other S1P 
receptors including S1P
1,
 S1P
2 
and S1P
3
# B $<&",#=+I7#S(,),#Y'6$'<)#)&<<,)*# *(-*#
S1P
5
 regulates the expression of other S1P receptors. 
Figure 4. S1P
5
 knockdown and 
downstream effects on endothelial 
S1P receptor expression. (a) A 
lentiviral shRNA technique was used 
to knockdown the S1P
5
. Treatment 
of the brain endothelial cells with 
)5,+$Y+#)(Z[C#+.!',#UR#",)&.*,6# $'#
a non detectable level of S1P
5
 RNA 
as measured by qPCR. S1P
5
 RNA 
expression levels in control cells 
4,",# ),*# -*# MLLN7# B:I#i,)*,"'# :.!*#
-'-./)$)# )(!4)# -# =P7MN# r# R7MR# N#
reduction in S1P
5
 protein levels when 
compared to control cells. (c) S1P 
receptor characterization in S1P
5
 
knockdown cells show reduction in 
RNA expression levels of all S1P 
receptors where S1P
1
 is reduced by 
lMN##B'!'2*-"<,*$'<#+!'*"!.QMLL7LN#r#
8.5, S1P
5
#H'!+H6!4'Q#Ph7]N#r#M7hI0#
S1P
2
#:/#P]N#B'!'2*-"<,*$'<#+!'*"!.Q#
MLL7LN# r# L7l0# KMJ
5
 knockdown: 
lL7hN#r#P7PI0#-'6#KMJ
3
#:/#haN#B'!'2
*-"<,*$'<#+!'*"!.Q#MLL7LN#r#17PD#KMJ
5
 
H'!+H6!4'# MP7PN# r# L7hI7# C<-$'0#
S1P
4
 remains undetectable (n.d.) 
Values represent the mean ± SEM of 
'sP7#K*-*$)*$+-.#)$<'$Y+-'+,#B*2*,)*I#$)#
$'6$+-*,6#4$*(#-)*,"$)H)Q#ooJ#p#L7LLR#
-'6#oooJ#p#L7LLM7
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Figure 5. S1P
5
%*$6/#!)$.%.$A$*!#%C$:%<$!)/*$.%;<%"!**+$*%$43;)=$#+/1. (a) ECIS was used to measure 
the impedance of the brain endothelial monolayer. S1P
5
 knockdown cells (1.0 ohm.cm2 ± 0.1) have over 
=LN#",6&+*$!'# $'# *"-'),'6!*(,.$-.#,.,+*"$+-.# ",)$)*-'+,#+!%5-",6# *!#%!+H#+,..)# BM7h#!(%7+%2 ± 0.02). 
Rb values represent the mean ± SEM of four individual experiments. (b) Paracellular permeability was 
studied by passive leakage of FITC-dextran molecules (70kD). S1P
5
#H'!+H6!4'#+,..)#BRR=7MN#r#=7l#-*#1(I#
were more permeable FITC-dextrans in time compared to control and mock transduced endothelial cells 
BMPP7=N#r#l7M#-*#1(I7# .&!",)+,'+,#$'*,')$*/#;-.&,)#",5",),'*#%,-'#r#KUT#!W#W!&"#$'6$;$6&-.#,^5,"$%,'*)#
4$*(# (?TU?V@P7# B+I# OJ?Z# -'-./)$)# !W# # *$<(*# t&'+*$!'# -))!+$-*,6# 5"!*,$')# $'# KMJ
5
 knockdown cells 
+!%5-",6#*!#+!'*"!.#+,..)#",;,-.,6#-#1aN#6,+",-),#$'#+.-&6$'21#,^5",))$!'#B'!'2*-"<,*$'<#+!'*"!.#+!'*"!.Q#
MLL7LN#r#M]7=D#KMJ
5
#H'!+H6!4'#=R7#hN#r#M7h0#'sPI#-'6#-#PLN#6,+",-),#$'#` U2+-6(,"$'#,^5",))$!'#B'!'2
*-"<,*$'<#+!'*"!.Q#MLL7LN#r#R7]D#KMJ
5
#H'!+H6!4'#l]7hN#r#P7R0#'sPI7#B6I#OJ?Z#-'-./)$)#!W#*"-')5!"*,")#
,^5",)),6#-*#*(,#888#",;,-.,6#-#RPN#6,+",-),#$'#G_bS2M#,^5",))$!'#B'!'2*-"<,*$'<#+!'*"!.Q#MLL7LN#
r#17MD#KMJ
5
# H'!+H26!4'# #aa7MN#r#=7a0#'sPI0#11N#6,+",-),# $'#J<5#,^5",))$!'# B'!'2*-"<,*$'<#+!'*"!.Q#
MLL7LN#r#h7MD#KMJ
5
#H'!+H26!4'##==71N#r#M7lL0#'sPI0#-'6#]PN#6,+",-),#$'#8?ZJM#,^5",))$!'#B'!'2
*-"<,*$'<#+!'*"!.Q#MLL7LN#r#P71D#KMJ
5
#H'!+H26!4'##a7LN#r#M7=0#'sPI7#B,I#`U2+-6(,"$'# .!+-.$A-*$!'#4-)#
also studied by immunocytochemistry. Reduced junctional VE-cadherin localization was observed in S1P
5
 
H'!+H6!4'#+,..)#+!%5-",6#*!#+!'*"!.#+,..)#B`U2+-6(,"$'0#<",,'#-'6# 2-+*$'0#",6I7#K*-*$)*$+-.#)$<'$Y+-'+,#
B*2*,)*I#$)#$'6$+-*,6#4$*(#-)*,"$)H)Q#oJ#p#L7L10#ooJ#p#L7LLR#-'6#oooJ#p#L7LLM7
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Next, ECIS analysis was performed to determine the function of S1P
5
 in 
brain endothelial cell barrier formation. Interestingly, S1P
5
 knockdown cells revealed 
reduced barrier integrity compared to control cells (Figure 5a). To further delineate 
function of S1P
5
 on brain endothelial function, we studied various other properties that 
are associated with BBB functioning. S1P
5
 knockdown cells were more permeable to 
FITC-dextrans compared to control cells (Figure 5b), illustrating enhanced leakiness 
of the brain endothelial layer. Second, and in accordance with these data, S1P
5
 
knockdown endothelial cells displayed reduced expression levels of tight junction 
and adherent junction associated proteins such as claudin-5 and VE-cadherin (Figure 
5c). Our analyses further show that key BBB associated transporter proteins like the 
Figure 6. S1P
5
% C4;(C3;D4% !";#+.=$.% )=$% +11/4$% E/+$.($4)% .)!)$% ;<% )=$% "*!+4% $43;)=$#+!#% ($##%
"!**+$*7# B-I#Z[C#,^5",))$!'# !W# 5"!2$'9-%%-*!"/# +/*!H$',)# -'6# +(,%!H$',)#4,",# -))-/,6# :/# OJ?Z7#
Z[C#,^5",))$!'#!W#*(,#+(,%!H$',)#T?J2M#-'6#X_2h#-",#$'+",-),6#:/#ahN#B+!'*"!.Q#MLL7LN#r#17lD#KMJ
5
 
H'!+H26!4'#Mah7MN#r#]7#]0#'sPI#-'6#MaMN#B+!'*"!.Q#MLL7LN#r#l7aD#KMJ
5
#H'!+H26!4'#RaM7=N#r#Ml7P0#'sPI#
respectively in S1P
5
#6,Y+$,'*#+,..)#+!%5-",6#*!#%!+H#+,..)7#B:I#_,;,.)#!W#*(,#,'6!*(,.$-.#+/*!H$',)#4,",#
increased upon S1P
5
#6,Y+$,'+/0#X_2Mu#:/#==RN#B+!'*"!.Q#MLL7LN#r#a7MD#KMJ
5
#H'!+H26!4'#1=M71N#r#1h7#
10#'sPI#-'6#S[ 2v#:/#MPhN#B+!'*"!.Q#MLL7LN#r#RR7]D#KMJ
5
#H'!+H26!4'#RPh7=N#r#R=7a0#'sPI7#K*-*$)*$+-.#
)$<'$Y+-'+,#B*2*,)*I#$)#$'6$+-*,6#4$*(#-)*,"$)H)Q#oJ#p#L7L10#ooJ#p#L7LLR#-'6#oooJ#p#L7LLM7
nutrient transporter for glucose (GLUT-
1), and the ATP-binding cassette (ABC) 
transporters P-glycoprotein (Pgp) and 
breast cancer resistant protein-1 (BCRP-
MI# 4,",# )$<'$Y+-'*./# 6,+",-),6# B $<&",#
5d) upon S1P
5
 knockdown. Consistent 
with the observed reduced VE-cadherin 
expression level in S1P
5
 knockdown cells, 
we found impaired VE-cadherin protein 
localization to the junctions in the S1P
5
 
knockdown cells (Figure 5e). Together, 
these data show that S1P
5
 has a crucial 
role in the maintenance of the barrier 
phenotype in brain endothelial cells. 
5&9?% (;4)*+"/)$.% );% )=$% +11/4$%
E/+$.($4($% .)!)$% ;<% )=$% "*!+4%
$43;)=$#+!#%($##%"!**+$*B
Under normal conditions, the brain 
endothelium promotes immunoquiescence 
of the brain by a low expression of cell 
adhesion molecules and undetectable 
detection of the production of pro-
$'9-%%-*!"/# +/*!H$',)#-'6# +(,%!H$',)0#
thereby limiting attraction and subsequent 
transendothelial migration of leukocytes. 
To investigate the role of 
S1P
5
# $'# *(,# $'9-%%-*!"/# )*-*&)# !W# *(,#
brain endothelium, we studied gene 
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Figure 7. S1P
5
 knockdown increases monocyte transmigration and adhesion. (a) Adhesion of primary 
(&%-'#%!'!+/*,)#*!#(?TU?V@P0#%!+H0#-'6#KMJ
5
2#+,..)#4-)#-))-/,6#$'#*$%,7#C#)$<'$Y+-'*#$'+",-),#$'#
monocyte adhesion to S1P5 knockdown cells was already observed after 15 min (non-targeting control: 
MMR71N#r#P7=D#KMJ
5
#H'!+H26!4'#M1]7LN#r#P7L#-*#lL#%$'0#'slI7#B:I#T!'!+/*,#%$<"-*$!'#-+"!))#+!'9&,'*#
%!'!.-/,")#!W#(?TU?V@P0#%!+H0#-'6#KMJ1#H'!+H6!4'#+,..)#4-)#-))-/,6#:/#*$%,2.-5),#%$+"!)+!5/7#C#
)*"!'<#$'+",-),#$'#%!'!+/*,#%$<"-*$!'#!W#M]PN#4-)#!:),";,6#-+"!))#KMJ1#H'!+H6!4'#+,..)#+!%5-",6#*!#
%!+H#+,..)#B'!'2*-"<,*$'<#+!'*"!.Q#M=171N#r#R7lD#KMJ
5
#H'!+H26!4'Q#PPh7MN#r#P=7R0#'sPI7#B+I#`?CT2M#-'6#
ICAM-1 gene expression levels in mock and S1P
5
 knockdown cells were studied by qPCR. VCAM-1 gene 
,^5",))$!'#$'+",-),6#4$*(#RL=N#B'!'2*-"<,*$'<#+!'*"!.Q#MLL7LN#r#L71D#KMJ
5
 knock-down 304.4 ± 18.8, 
'sPI#-'6#X?CT2M#<,',#,^5",))$!'#$'+",-),6#hLN#B'!'2*-"<,*$'<#+!'*"!.Q#MLL7LN#r#ML7lD#KMJ
5
 knock-
6!4'#Ma]7lN#r#ML7h0#'sPI#$'#KMJ
5
 knockdown cells compared to mock cells. (d) FACS analysis of ICAM-1 
and VCAM-1 expression by mock cells and S1P
5
#H'!+H6!4'#+,..)#6,%!')*"-*,6#-#alN#B'!'2*-"<,*$'<#
+!'*"!.Q#MLL7LN#r#l7lD#KMJ
5
#H'!+H26!4'Q#Ma17hN#r#MP7M0#'sPI#$'+",-),#$'#X?CT2M#5"!*,$'#,^5",))$!'#-'6#
-#RPN#B'!'2*-"<,*$'<#+!'*"!.Q#MLL7LN#r#P7MD#KMJ
5 
H'!+H26!4'Q#MRR7hN#r#R7a0#'sPI#$'+",-),#$'#`?CT2M#
protein expression by S1P
5
 H'!+H6!4'#+,..)7#K*-*$)*$+-.#)$<'$Y+-'+,#B*2*,)*I#$)#$'6$+-*,6#4$*(#-)*,"$)H)Q#oJ#
p#L7L10#ooJ#p#L7LL1#-'6#oooJ#p#L7LLM7
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S1P5 and brain endothelial barrier function 
expression levels of cytokines and 
chemokines known to be involved in 
*(,# ',&"!2$'9-%%-*!"/# -**-+H# )&+(#
as the chemokines monocyte chemo 
attractant protein-1 (MCP-1: CCL2) 
and interleukin-8 (IL-8) and the pro-
$'9-%%-*!"/# +/*!H$',)# $'*,".,&H$'2Mu#
BX_2MuI0# -'6# *&%!&"# ',+"!)$)# W-+*!"2v#
BS[ 2vI7# b5!'# KMJ
5 
knockdown, 
mRNA levels of MCP-1 and IL-8 as 
4,..#-)# *(,# .,;,.)#!W#S[ 2#v#-'6# X_2M#
u#$'+",-),6#6"-%-*$+-../#B $<&",#l-0:I7
Interestingly, our results 
showed that activation of S1P 
receptors, and in particular S1P
5
, 
reduced the expression of adhesion 
molecules and enhanced the capacity 
of brain endothelial cells to prevent 
monocyte passage (Figure 3). We 
next determined the function of S1P
5
 
in these distinct aspects of the BBB. 
As expected, knockdown of the 
S1P
5
 in brain endothelium enhanced 
the adhesion of monocytes to and 
migration of monocytes through the 
endothelium when compared to mock 
-'6# +!'*"!.# (?TU?V@P# +,..)# B $<&",#
7a,b). 
 To reveal the underlying 
mechanism of this enhanced 
monocyte-endothelial interaction we 
next determined the expression levels 
of adhesion molecules intercellular 
Figure 8. S1P
5
%1$3+!)$.%+11/4$%E/+$.($4($%;<%"*!+4%$43;)=$#+!#%($##.%":%FG-HI. (a) Protein content 
of p65 in S1P
5
 knock-down and control cells was assessed by western blot. The protein expression of 
+!'*"!.#+,..)#4-)#),*#-)#MLLN7#S(,#KMJ
5
#H'!+H26!4'#+,..)#)(!4#-'#$'+",-),6#,^5",))$!'#!W#-:!&*#R1LN#
compared to control. The expression of S1P
5 
was corrected for actin. (b) Mock cells and S1P
5
 knockdown 
cells were left unexposed or were exposed to NF-HI#$'($:$*!"#8Cd#MM2aLh1#-'6#X?CT2M#<,',#,^5",))$!'#
.,;,.)# 4,",# 6,*,"%$',6# :/# OJ?Z7# b5!'# ,^5!)&",# *!# 8Cd# MM2aLh1# X?CT2M#Z[C# ,^5",))$!'# $'# KMJ
5
 
H'!+H26!4'#+,..)#6,+",-),6#*!#-55"!^$%-*,./#*(,#)-%,#.,;,.#-)#$'#8Cd#MM2aLh1#,^5!),6#%!+H#+,..)7#S(,#
ratio of reduction in ICAM-1 gene expression by inhibition of NF-HI in S1P
5
 knock-down cells increased 
2.3 fold compared to 1.6 fold in mock cells. (c) Mock cells and S1P
5
 knockdown cells were left unexposed 
or were exposed to NF-HI#$'($:$*!"#8Cd#MM2aLh1#-'6#`?CT2M#<,',#,^5",))$!'#.,;,.)#4,",#6,*,"%$',6#
:/#OJ?Z7#b5!'#,^5!)&",#*!#8Cd#MM2aLh1#`?CT2M#Z[C#,^5",))$!'#$'#KMJ
5
 knock-down cells decreased 
*!#-55"!^$%-*,./#*(,#)-%,#.,;,.#-)#$'#8Cd#MM2aLh1#,^5!),6#%!+H#+,..)7#S(,#"-*$!#!W#",6&+*$!'#$'#`?CT2M#
gene expression by inhibition of NF-HI in S1P
5
 knockdown cells is increased to 10.3 fold compared to 
a7P#W!.6#$'#%!+H#+,..)7#@-*-#-",#,^5",)),6#-)#*(,#%,-'#r#KUT#B'sPI7#K*-*$)*$+-.#)$<'$Y+-'+,#B*2*,)*I#$)#
$'6$+-*,6#4$*(#-)*,"$)H)Q#oJ#p#L7L10#ooJ#p#L7LLR#-'6#oooJ#p#L7LLM7
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adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1). 
which are both known to be involved in the adhesion and migration of monocytes40. 
Our results show that both gene and protein expression levels of VCAM-1 and 
X?CT2M#4,",#)$<'$Y+-'*./#$'+",-),6#$'#KMJ
5
 knockdown cells compared to control 
+,..)#B $<&",#a+06I7#S!<,*(,"0# *(,),#Y'6$'<)#$'6$+-*,#*(-*#)*,-6/2)*-*,#5",),'+,#!W#
cell surface S1P
5
 strongly contributes to the immune quiescence state of the blood 
brain barrier.
 =$%+4J!11!);*:%2=$4;):2$%+.%2!*)#:%1$3+!)$3%":%FG-HI%!()+A!)+;4
C)#:!*(#X?CT2M#-'6#` ?CT2M#,^5",))$!'#-",#&'6,"#*(,#+!'*"!.#!W#*(,#[ 2m8#)$<'-..$'<#
pathway, we studied whether brain endothelial S1P
5
# ,^,"*# *(,$"# -'*$2$'9-%%-*!"/#
+!'*"!.#*("!&<(#[ 2m87# $")*#4,#6,*,"%$',6#*(,#",<&.-*$!'#!W#*(,#*!*-.#5l1#)&:&'$*#!W#
[ 2m8#5"!*,$'#+!'*,'*#:/#4,)*,"'#:.!*7#C)#)(!4'#$'# $<&",#h-0#*(,#KMJ
5
 knockdown 
+,..)#(-;,#-'#$'+",-),6#:-)-.#,^5",))$!'#!W#*(,#5l1#)&:&'$*#!W#[ 2m8#4(,'#+!%5-",6#
*!#+!'*"!.#+,..)7#S($)#$'+",-),6#[ 2m8#+!'*,'*0#4($+(#%$<(*#&'6,".$,#*(,#$'+",-),6#
expression of adhesion molecules, strongly suggests that S1P
5
 modulation is 
involved in immune quiescence of brain endothelial cells mediated by inhibition of 
[ 2m87#S(,#),.,+*$;,#[ 2m8# $'($:$*!"#8-/#MM2aLh1#)$<'$Y+-'*./# ",6&+,6# *(,#<,',#
expression levels of both ICAM-1 and VCAM-1 (Figure 8b,c). Interestingly, addition 
of Bay-11-7085 to S1P
5
 knockdown resulted in relative decreased gene expression 
levels of ICAM-1 and VCAM-1 compared to the mock control cells. 
# S!#",;,-.#*(,#,WW,+*#!W#[ 2m8#$'#*(,#KMJ
5
 knockdown cells, the ratio of reduced 
expression of ICAM-1 and VCAM-1 was calculated. It was shown that the ratio of 
",6&+*$!'#$'#X?CT2M#<,',#,^5",))$!'#:/#$'($:$*$!'#!W#[ 2m8#$'#KMJ
5
 knockdown cells 
was increased over twofold compared to 1.6 fold in mock cells. Identically, the ratio 
!W#",6&+*$!'#$'#`?CT2M#<,',#,^5",))$!'#:/#$'($:$*$!'#!W#[ 2m8#$'#KMJ
5
 knockdown 
cells is increased to over 10 fold compared to 7.3 fold in mock cells. 
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Our present study demonstrates the constitutive expression of the S1P receptor 
S1P
5
 by brain endothelial cells, constituting the blood-brain barrier (BBB) in human 
:"-$'#-'6#$*)#$';!.;,%,'*#$'#:!*(#$'*,<"$*/#-'6#",<&.-*$!'#!W#*(,#$'9-%%-*!"/#)*-*&)#!W#
the brain endothelium. We have delineated a role for S1P
5
#$'#*(,#$'6&+*$!'#!W#)5,+$Y+#
BBB properties such as low paracellular permeability and the expression of key 
:"-$'#,'6!*(,.$-.#5"!*,$')#)&+(#-)#*$<(*# t&'+*$!'#-'6#)5,+$Y+#CSJ#:$'6$'<#+-)),**,#
and glucose transporter molecules. We have assessed the potential therapeutic 
improvements upon pharmacological modulation of S1P
5
 receptor activity in gaining 
barrier function. Moreover, the lack of S1P
5
#5"!;!H,6#-#5"!2$'9-%%-*!"/#)*-*&)#!W#
brain endothelium as shown by enhanced transendothelial migration of monocytes 
-'6#$'+",-),6#5"!6&+*$!'#!W#5"!$'9-%%-*!"/#%!.,+&.,)#-'6#-6(,)$!'#%!.,+&.,)#W!"#
.,&H!+/*,)0#-#5"!+,))#4($+(#4-)#%,6$-*,6#:/#[ 2m8#-+*$;-*$!'7
i$*($'# !&"# Y'6$'<)0# 4,# )(!4,6# *(,# '!'2),.,+*$;,# KMJ# ",+,5*!"# -<!'$)*#
 SdaRLJ# -'6# -# ),.,+*$;,# KMJ
5
 agonist both improve brain endothelial function 
through the increase of the paracellular resistance in the immortalized human brain 
,'6!*(,.$-.#+,..#.$',0#(?TU?V@P7#S($)#+,..#.$',#",9,+*)#*(,#H,/#W,-*&",)#!W#5"$%-"/#:"-$'#
endothelial cells such as high transendothelial electrical resistance, expression of 
tight junctions and transporter molecules. Our results are in line with previous reports 
!'# *(,#,'6!*(,.$-.#:-""$,"#,'(-'+$'<#,WW,+*#!W# SdaRLJ#!'#5&.%!'-"/#,'6!*(,.$-.#
cells, human microvascular endothelial cells, and human umbilical vein endothelial 
cells41-447#\!4,;,"0#4,#-",#*(,#Y")*#*!#)(!4#*(-*#),.,+*$;,#-+*$;-*$!'#!W#KMJ
5 
induces a 
)$<'$Y+-'*#$'+",-),#$'#5-"-+,..&.-"#",)$)*-'+,#!W#:"-$'#,'6!*(,.$-.#+,..)7#T!",!;,"0#$'#
+!'+!"6-'+,#4$*(#,'6!*(,.$-.#+,..)#,^5!),6#*!# SdaRLJ0#:"-$'#,'6!*(,.$&%#,^5!),6#
to a selective S1P
5
 agonistic compound prevented the transendothelial passage of 
monocytes in a similar fashion45. Enhanced endothelial barrier integrity is likely the 
result of the enhanced expression of tight junction and adherent junction proteins 
and their localization at the cell-cell contacts, as was shown in this study.  
 To date, there is emerging evidence that S1P
1
 and S1P
3
 play an important 
role in the maintenance of endothelial function  For instance, it has been described 
that the assembly of junction proteins to the cell-cell junctions is dependent on S1P
1
 
and S1P
3 
induced signalling pathways, involving the small GTP-ases Rac and Rho46. 
Strikingly, in our S1P
5
#6,Y+$,'*#:"-$'#,'6!*(,.$-.#+,..)#-#)$<'$Y+-'*#",6&+*$!'#!W#KMJ
1
 
and S1P
3
 was detected, indicating that S1P
5 
is involved in the expression of these 
receptors. Given the importance of S1P
1 
and S1P
3 
in the maintenance of vascular 
function, the reduced barrier function of the brain endothelium due to the lack of 
S1P
5 
may also be in part caused by the lack of S1P
1 
and S1P
3
7#S!<,*(,"0#!&"#Y'6$'<)#
point to an important function of S1P
5 
in the regulation of the barrier phenotype of 
brain endothelial cells.
Besides improving barrier function, the current report shows that targeting of 
S1P
5
 is important for maintenance of the immunoquiescent state of brain endothelial 
cells. First, our results reveal a prominent role for S1P
5 
in maintaining low expression 
levels of leukocyte adhesion molecules, including VCAM-1 and ICAM-1 and several 
$%5!"*-'*#5"!$'9-%%-*!"/#+/*!H$',)#-'6#+(,%!H$',)#)&+(#-)#S[ 2v#-'6#T?J2M7#X'#
addition, S1P
5
 activation limits monocyte adhesion to and migration over the brain 
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endothelial barrier, an initial step in the formation of new MS lesions. Therefore, our 
Y'6$'<)#-",#!W#5!*,'*$-.#$'*,",)*#W!"#W&*&",#*",-*%,'*#!W#',&"!2$'9-%%-*!"/#6$)!"6,")#
that are marked by a cellular migration across the vessel wall. Modulation of the S1P 
",+,5*!")# *("!&<(#  SdaRLJ#4-)# )(!4'# *!# :,# 5"!*,+*$;,# $'# ;-"$!&)# ,^5,"$%,'*-.#
-'$%-.#%!6,.)#4$*(#',&"!2$'9-%%-*$!'#$'#*(,#:"-$'47-49. Moreover, in other vascular 
6$)!"6,")#)&+(#-)#-*(,"!)+.,"!)$)0# SdaRLJ#,^,"*)#5"!*,+*$;,#,WW,+*)#:/#6-%5,'$'<#
!'<!$'<#$'9-%%-*!"/#5"!+,)),)#$'#*(,#;-)+&.-"#)%!!*(#%&)+.,#+,..)7#X'#*(,#;-.$6-*,6#
experimental animal model for MS, experimental allergic encephalomyelitis (EAE) 
 SdaRLJ#4-)#,$*(,"#<$;,'#5"!5(/.-+*$+0#*(,"-5,&*$+#!"#-)#-#",)+&,#-<,'*7#X'#*(,),#
-'$%-.)0# SdaRLJ# *",-*%,'*# ",)&.*,6# $'#-#6,.-/,6#!'),*#!W#6$),-),#-'6# ",6&+,6#
disease severity through the induction of lymphopenia.
8,)$6,)# $*)# <,',"-.# $%%&'!)&55",))$;,# ,WW,+*0#  SdaRLJ# *",-*%,'*# -.)!#
reduced the expression of vascular adhesion molecules and cytokines in the spinal 
cord of treated animals507#T!",!;,"0#$'#%!6,.)#!W#:"-$'#$)+(,%$-# SdaRLJ#4-)#-:.,#*!#
reduce infarct size and could, in transient focal cerebral ischemia, positively regulate 
',&"!.!<$+-.#6,Y+$*)7#F:),";,6#:,',Y+$-.#,WW,+*)#4,",#-))!+$-*,6#4$*(#-#",6&+*$!'#
$'#-+*$;-*,6#',&*"!5($.#-'6#%$+"!<.$-V%-+"!5(-<,#+,..#'&%:,")#-'60#$'#.$',#4$*(#!&"#
results, also with reduced numbers of ICAM-1 positive blood vessels51. However, 
these studies did not investigate the role of endothelial S1P signalling, which may 
play a crucial role in the early onset of disease52. Several in vitro studies support 
the notion that S1P signalling is relevant in endothelial cells since it was shown that 
KMJ#!"V-'6# SdaRLJ# .$%$*# .,&H!+/*,#-6(,)$!'#-'6# *"-')%$<"-*$!'# $'*!# *(,#;,)),.#
wall in the early atherosclerosis pathology. In addition, S1P
1
 modulation resulted 
$'#",6&+,6#,'6!*(,.$-.#5"!6&+*$!'#!W#S[ 2v2$'6&+,6#5"!6&+*$!'#!W#5"!$'9-%%-*!"/#
chemokines53, 54,557#G$;,'# *(-*# :!*(#KMJ#-'6# SdaRLJ#-",# <,',"-.#%!6&.-*!")# !W#
-..#KMJ# ",+,5*!")0# $*# ",%-$')#&'+.,-"#4($+(# )5,+$Y+# ",+,5*!"# $)# $';!.;,6# $'# *(,),#
5"!+,)),)7#T!",#)5,+$Y+-../0# $*# $)#&'+.,-"#4(-*# *(,# "!.,#!W# *(,#:"-$'2)5,+$Y+#KMJ
5
 
receptor is in these processes. Our study clearly shows that S1P
5
 receptors might 
play a crucial role in barrier formation and immunoquiescence. Although this study 
utilized a selective S1P
5
 receptor agonist, it is important to identify new more potent 
and more selective S1P
5
 tools to fully elucidate the mechanism by which S1P
5
 might 
exert these effects. 
i,#-",#-.)!#*(,#Y")*#*!#)(!4#*(-*#[ 2m8#&'6,".$,)#*(,#-'*$2$'9-%%-*!"/#-+*$;$*/#
of endothelial S1P
5
. To date, no data exist on the downstream signalling pathways 
in endothelial cells upon activation of S1P
5
. It has been shown that incubation of 
mouse aortas from type 1 diabetic NOD mice with S1P reduces VCAM expression 
and monocyte adhesion to the endothelium. The authors also show that S1P
1
 is the 
",+,5*!"#*(-*#%,6$-*,)#*($)#-'*$2$'9-%%-*!"/#",)5!'),#*!#KMJ0#4($+(#$)#",.-*,6#*!#*(,#
$'($:$*$!'#!W#[ H8#*"-').!+-*$!'#*!#*(,#'&+.,&)7#X'#-++!"6-'+,#4$*(#*(,),#Y'6$'<)0#
!&"# ",)&.*)# )&<<,)*# -'# -'*$2$'9-%%-*!"/# "!.,# W!"# KMJ
5
 in brain endothelial cells. 
Furthermore, in Chinese Hamster Ovary-K1 (CHO-K1) cells it was demonstrated that 
S1P
5
 expression results in inhibition of extracellular signal-regulated kinase (ERK) 
activity567#K$'+,#UZE#-+*$;$*/#$)#-#5!*,'*#",<&.-*!"#!W#[ m8#6,5,'6,'*#$'9-%%-*!"/#
",)5!'),)0# *($)#5-*(4-/#%-/#:,# ",)5!')$:.,# W!"# *(,#!:),";,6# $'+",-),# $'#[ 2m8#
driven of ICAM-1 and VCAM expression in S1P
5 
knockdown brain endothelial cells.
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S!<,*(,"0# !&"# '!;,.# -'6# 5"!;!+-*$;,# Y'6$'<)# ,%5(-)$A,# *(,# $%5!"*-'+,# !W# KMJ#
signalling and in particular S1P
5
 signalling during health and disease. We demonstrate 
that endogenous endothelial S1P
5
 represents an essential receptor for optimal BBB 
function by regulating different aspects of the BBB, including the expression of cell-
+,..# t&'+*$!'#5"!*,$')#-'6#,W9&^#5&%5)7# X%5!"*-'*./0#4,#6,%!')*"-*,# *(-*#KMJ
5
 is 
essential for maintenance of the immune quiescent state of brain endothelial cells 
-'6# *(-*# *($)# $)# $'# 5-"*#%,6$-*,6# :/#[ 2m87#F&"# 6-*-# -.)!# ",;,-.# *(,# *(,"-5,&*$+#
potential of S1P
5
# -<!'$)%# 6&"$'<# ',&"!2$'9-%%-*$!'# -)# KMJ
5
# )5,+$Y+-../# .$%$*)#
',&"!;-)+&.-"#$'9-%%-*$!'#-'6#*"-'),'6!*(,.$-.#.,&H!+/*,#$'Y.*"-*$!'7#
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K+.)%;<%!""*$A+!)+;4.
KMJQ# )5($'<!)$',# M25(!)5(-*,D# [ m8Q# '&+.,-"# W-+*!"# H-55-2.$<(*2+(-$'2,'(-'+,"#
!W# -+*$;-*,6#8# +,..)D#888Q#:.!!62:"-$'#:-""$,"D#?[KQ# +,'*"-.# ',";!&)# )/)*,%D#U?Q#
,'6!*(,.$-.# +,..D#TKQ#%&.*$5.,# )+.,"!)$)D#GJ?ZQ#G25"!*,$'2+!&5.,6# ",+,5*!"D#U@GQ#
,'6!*(,.$-.#6$WW,",'*$-*$!'#<,',D#G_bS2MQ#G.&+!),#*"-')5!"*,"2M0#C8?Q#CSJ2:$'6$'<#
+-)),**,D# J<5Q# J2<./+!5"!*,$'D# 8?ZJQ# :",-)*# +-'+,"# ",)$)*-'*# 5"!*,$'2MD# T?J2
MQ#%!'!+/*,#+(,%!#-**"-+*-'*#5"!*,$'2MD# X_2hQ# $'*,".,&H$'2hD# # X_2MuQ# $'*,".,&H$'2MuD#
S[ 2vQ#*&%!&"#',+"!)$)#W-+*!"2vD#X?CT2MQ#$'*,"+,..&.-"#-6(,)$!'#%!.,+&.,2MD#`?CT2
MQ# ;-)+&.-"# +,..# -6(,)$!'#%!.,+&.,2MD# UZEQ# ,^*"-+,..&.-"# )$<'-.2",<&.-*,6# H$'-),D#
TEER: transendothelial electrical resistance.
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K,;,"-.# ',&"!$'9-%%-*!"/# -'6# ',&"!6,<,',"-*$;,# 6$),-),)# -",# -))!+$-*,6# 4$*(#
blood-brain barrier (BBB) dysfunction. In particular during multiple sclerosis (MS), 
-# +("!'$+# $'9-%%-*!"/# 6$)!"6,"# !W# *(,# +,'*"-.# ',";!&)# )/)*,%# B?[KI0# $%5-$",6#
function of the BBB is an early hallmark of lesion development due to a resulting 
$'9&^#!W#$%%&',#+,..)#)&:),O&,'*./#+!'*"$:&*$'<#*!#',&"!.!<$+-.#6-%-<,#-'6#+.$'$+-.#
)/%5*!%)7#S(,",W!",0#5",;,'*$'<#888#6/)W&'+*$!'#-'6V#!"# ",)*!"$'<#888# $'*,<"$*/#
$'#',&"!$'9-%%-*!"/#-'6#',&"!6,<,',"-*$;,#6$),-),)#-))!+$-*,6#4$*(#-'#$%5-$",6#
BBB may contribute to improved health outcomes. Better comprehension of 
molecular mechanisms and of involvement of additional cells of the CNS concerning 
BBB integrity is imperative to reveal new targets for treatment of MS. Studies 
described in this thesis were conducted to gain more insight into MS pathogenesis 
-'6#%!",#)5,+$Y+#$'*!#%,+(-'$)%)#$';!.;,6#$'#888#",<&.-*$!'7#8,.!40#*(,#",)&.*)#
are summarized and discussed.
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Summary and discussion
An essential function of the BBB is to regulate immune cell migration into the CNS 
during health and disease. The BBB is composed of highly specialized endothelial 
cells (ECs) that line the vessel wall forming a tight barrier by expressing tight junction 
5"!*,$')# -'6#%,%:"-',# ,W9&^# 5&%5)7# U?)# -",# ,'+.!),6# *!<,*(,"#4$*(# 5,"$+/*,)#
4$*($'#*(,#:-),%,'*#%,%:"-',#!'*!#4($+(#-)*"!+/*,)#Y"%./#5"!t,+*# *(,$"#,'6W,,*7#
Together with neurons and microglia these cellular components make up the so-
called neurovascular unit, which ensures optimal protection of the CNS from harmful 
compounds and cells thereby closely regulating its homeostasis. An early event in MS 
.,)$!'#W!"%-*$!'#$)#*(,#$'9&^#!W#$%%&',#+,..)#$'*!#*(,#?[K7#F'+,#$'#*(,#?[K0#%-$'./#
monocyte-derived macrophages and T-cells can induce their damage resulting in 
demyelination and axonal loss. Migration of immune cells into the CNS is not a 
random process but a complex interplay between cells of the neurovascular unit and 
the immune cells. Essential steps in immune cell transmigration are tethering, rolling, 
-6(,)$!'0#Y"%#-6(,)$!'0#-'6#)&:),O&,'*#*"-')%$<"-*$!'1. Each step in this process 
involves different key molecules with a.o. the vascular endothelial cell adhesion 
molecules (VCAM)-1 and Intercellular adhesion molecule (ICAM)-1 being essential 
in the tethering and rolling process. However, integrins, cytokines, chemokines and 
selectins are all essential in the transmigration process. Previous studies from our 
group and others have shown that tetraspanins are involved in the transendothelial 
migration process2,3. One mechanism by which tetraspanins contribute to leukocyte 
transmigration is through formation of tetraspanin microdomains (Tems)4. Tems 
are assembled signaling complexes of tetraspanins with cell adhesion molecules, 
integrins, and growth factor receptors and as such are regulators of processes 
such as migration, proliferation, cell adhesion and cell motility. However, expression 
of tetraspanins at the BBB and the potential role of other tetraspanins during 
',&"!$'9-%%-*$!'# -",# .-+H$'<7# X'# chapter 2 we therefore studied the cellular 
distribution of tetraspanins in MS brain tissue and determined in vitro regulation 
!W# *,*"-)5-'$'# ,^5",))$!'# &'6,"# $'9-%%-*!"/# +!'6$*$!')7# K&:),O&,'*./0# 4,#
determined the functional role of tetraspanins with respect to endothelial barrier 
function and transendothelial resistance. In our study, tetraspanins CD9 and CD81 
and were expressed in the CNS. CD9 and CD81 were expressed by the vasculature 
while both molecules also showed extensive parenchymal expression. In vitro, 
,^5",))$!'#!W#*,*"-)5-'$')#!'#*(,#:"-$'#,'6!*(,.$-.#+,..#.$',#(?TU?V@P#)&:)*-'*$-*,#
*(,),#Y'6$'<)#-)#*(,/#,^5",))#:!*(#?@]#-'6#?@hM#4$*(#+!'+,'*"-*,6#,^5",))$!'#
-*#+,..2+,..# +!'*-+*)7# X'9-%%-*!"/#+!'6$*$!')#&5",<&.-*,#,^5",))$!'#!W#,'6!*(,.$-.#
CD9 but not CD81 and no regulation was found in human astrocytes. Functionally, 
endothelial CD9 and CD81 are involved in transendothelial migration of monocytes. 
Finally, blocking CD9 but not CD81 promotes endothelial barrier function, indicating 
that differential signaling process may underlie the tetraspanins.
By blocking endothelial CD9 and CD81 with monoclonal antibodies we 
observed reduced human monocyte migration through endothelial monolayers. 
In addition, a previous study from our group demonstrated that targeting the 
tetraspanin CD81 with monoclonal antibodies limits monocyte transmigration and 
T E T R A S P A N I N S  R E G U L A T E  L E U K O C Y T E  T R A N S M I G R A T I O N 
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reduces EAE5. Tetraspanins localize to endothelial docking structures formed 
&5!'#-6(,)$!'#!W# .,&H!+/*,)#-'6#*(,#-:!;,#Y'6$'<)#-",#)&:)*-'*$-*,6#:/#-#)*&6/#
that besides homophilic (CD9-CD9) and heterophilic (CD9-CD151) interactions 
demonstrates preferential interaction of CD9 with ICAM-1 and CD151 with VCAM-1 
within endothelial adhesive platforms (EAPs)6,7. By using a CD9-blocking peptide 
this study demonstrates the importance of CD9 interactions within EAPs with respect 
to clustering of receptors and subsequent adhesiveness, a mechanism which may 
underlie our observed results concerning monocyte migration8.
We show that by blocking CD9 on endothelial cells transendothelial resistance 
of endothelial cell monolayers increases. It has been shown that CD9 associates 
4$*(# uM2$'*,<"$')# -'6# ",<&.-*,)# *(,$"# -+*$;$*/# )$'+,# ?@]# )$.,'+$'<# ,^5,"$%,'*)#
)(!4,6# $'($:$*$!'# !W# uM2$'*,<"$'# .$<-'6# :$'6$'<9. Silencing of CD9 resulted in a 
reduced capacity of cell invasion of human cancer cells10. In concordance, in 
human microvascular endothelial cells it has been demonstrated that silencing 
CD9 expression inhibited both VEGF- and HGF-induced migration and invasion 
of these cells. Moreover, these outcomes were attributed to abnormal localization 
of integrins possibly resulting in prevention of angiogenesis11. An additional 
)*&6/# $'# ,'6!*(,.$-.# +,..)# +!'Y"%)# -# +"$*$+-.# "!.,# !W# uM2$'*,<"$')# $'# +-5$..-"/# *&:,#
formation12. By blocking CD9 on endothelial cells angiogenic pathways may become 
suppressed which may translate into the observed increase in transendothelial 
resistance.                                                                                                                                                                                                                                       
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 SdaRL#BG$.,'/-0#[!;-"*$)I# $)# *(,#Y")*#!"-.#6"&<# W!"# *",-*%,'*#!W#ZZTK#4($+(#4-)#
approved by the Food and Drug Administration (FDA) in September 2010. The synthetic 
drug is derived from a natural occurring compound called myriocin produced by the 
fungus Isaria sinclairii7#b5!'#!"-.#-6%$'$)*"-*$!'# SdaRL#$)#",-6$./#5(!)5(!"/.-*,6#-W*,"#
which it is capable to bind to all S1P receptors but S1P
2
13. First, the drug was studied in 
clinical trials concerning organ transplantation due to the immunosuppressive property 
of the compound. Later on the drug was tested in clinical trials concerning RRMS and 
6,%!')*"-*,6#,WY+-+/#$'#*4!#.-"<,#5(-),#XXX#*"$-.)#B ZUU@FTK0#SZC[K FZTKI14,15. 
UWY+-+/# !W#  SdaRL# $'#ZZTK# $)# -**"$:&*,6# *!# $*)# ,WW,+*# !'# ./%5(!+/*,)7# 8$'6$'<# !W#
 SdaRLJ#*!#$*)#",+,5*!"#KMJ
1
, expressed by lymphocytes, results in internalization of 
the receptor leaving the cells unresponsive towards a physiological S1P gradient and 
are therefore sequestered in secondary lymphoid tissues16.  Resulting lymphopenia is 
*(!&<(*#*!#6$",+*./#+!'*"$:&*,#*!#*(,#!:),";,6#:,',Y+$-.#,WW,+*#!W# SdaRL#$'#*",-*%,'*#!W#
RRMS17. However, S1P receptor expression is not restricted to immune cells, they are 
differentially expressed by many tissues and cell types18. This dispersed expression 
!W#KMJ#",+,5*!")#-'6#*(,#W-+*#*(-*# SdaRL#$)#-#.$5!5($..$+#%!.,+&.,0#-'6#*(&)#-:.,#*!#
cross the BBB, led us to investigate S1P receptor expression in control brain tissue 
and in MS brain tissue in chapter 3. In our study we demonstrate that astrocytes 
express both S1P
1
 and S1P
3
 in control brain tissue. In MS brain tissue astrocytes 
increase S1P
1
 and S1P
3
 expression in both active and inactive MS lesions compared 
to control brain tissue and NAWM. In vitro, human astrocytes increase mRNA levels of 
both S1P
1
 and S1P
3
#&'6,"#$'9-%%-*!"/#+!'6$*$!')#BS[ 2vI#+!'Y"%$'<#*(,#5",;$!&)#
Y'6$'<# +!'+,"'$'<# -)*"!+/*$+# KMJ# ",+,5*!"# ,^5",))$!'# $'#TK# .,)$!')7# X'# *(,# )-%,#
,^5,"$%,'*-.# ),*&50# -)*"!+/*,)# ",)5!'6# *!4-"6)#  SdaRLJ# $'# -'# -'*$2$'9-%%-*!"/#
%-'',"#)&<<,)*$'<#-#'!;,.#-'*$2$'9-%%-*!"/#%,+(-'$)%#!W# SdaRLJ# $'# *(,#?[K0#
*("!&<(#$'6&+$'<#-'#-'*$2$'9-%%-*!"/#,WW,+*#!'#-)*"!+/*,)#*("!&<(#KMJ
1
 and S1P
3
.
 Recently, it was shown that in conditional null mouse mutants lacking S1P
1
 
!'# G CJ2,^5",))$'<# -)*"!+/*,)# $'# 4($+(# UCU# 4-)# $'6&+,60# *(,# :,',Y+$-.# ,WW,+*#
!W#  SdaRL# 4-)# -:-*,67#C..# +!'6$*$!'-.# '&..# %&*-'*)# 6$)5.-/,6# '!"%-.# ./%5(!+/*,#
*"-WY+H$'<# )&55!"*$'<# *(,# )&<<,)*$!'# !W# -# '!'$%%&'!.!<$+-.# ?[K# %,+(-'$)%# W!"#
 SdaRL# $'# UCU19. Our results provide new data showing that human astrocytes 
&'6,"# $'9-%%-*!"/# +!'6$*$!')# ",)5!'6# *!# SdaRL# $'# -'#-'*$2$'9-%%-*!"/#%-'',"#
by reducing the secretion of MCP-1. Reactive astrocytes contribute to MS pathology 
$'#%!",#*(-'#!',#4-/0#*(,/#",6&+,#888#W&'+*$!'0#),+",*,#5"!2$'9-%%-*!"/#+/*!H$',)#
and chemokines, inhibit remyelination and axonal sprouting, and regeneration by glial 
scar formation 20-22. Astrocytes have increased MCP-1 mRNA levels during EAE and 
produce MCP-1 in MS23,24. Concerning BBB integrity, it is demonstrated that MCP-
1 increases BBB permeability through disruption of TJ complexes between brain 
endothelial cells25,26. The clinical effect of reduced MCP-1 signalling is demonstrated in 
-#)*&6/#&)$'<#??ZR#B2VI2%$+,#4($+(#-",#",)$)*-'*#*!#UCU#&5!'#$'6&+*$!'#4$*(#TFG27. 
S(,",W!",0# 6-%5,'$'<# *(,# $'9-%%-*!"/# ",)5!'),# !W# -)*"!+/*,)# :/# .!4,"$'<# *(,#
5"!6&+*!'#!W#T?J2M#*("!&<(# SdaRLJ#-6%$'$)*"-*$!'#$)#-#5"!%$)$'<#',4#-;,'&,#*!#
Y<(*#!'<!$'<#',&"!2$'9-%-*$!'#$'#TK7#
F T Y 7 2 0 P  E X E R T S  A N  A N T I - I N F L A M M A T O R Y  E F F E C T  I N  T H E 
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S(,#888#+!'Y',)#:!*(#*"-')+,..&.-"#-'6#5-"-+,..&.-"#5-))-<,#!W#+,..)#-'6#%!.,+&.,)#
into the CNS leading to its foremost function of maintaining homeostasis in the CNS 
microenvironment. Astrocytes play an important role in BBB regulation since they 
are capable of regulating barrier function through several mechanisms. First, it is 
reported that astrocytes contribute to barrier formation by increasing tight junction 
formation28. Second, astrocytes mediate expression, functionality and polarized 
localization of transport proteins in endothelial cells28-307##C'6#Y'-../0#-)*"!+/*,)#+-'#
increase functionality and expression of enzyme systems in endothelial cells31,32. 
In addition, astrocytes are equipped with an elaborate antioxidant enzyme system 
enabling them to scavenge reactive oxidant species (ROS) thereby preventing 
formation of lipid peroxidation products which are potent barrier disrupting 
molecules33. In recent years, evidence is emerging that the bioactive sphingolipid 
+,"-%$6,#$)#$';!.;,6#$'#),;,"-.#5-*(!.!<$,)#$'+.&6$'<D#6$-:,*,)0#(,",6$*-"/#),')!"$+#
neuropathy type I, Batten’s syndrome, Wilson’s disease, and infectious diseases34-41. 
?,"-%$6,# $)# +!')$6,",6# -# 5"!2$'9-%%-*!"/# )5($'<!.$5$6# -'6# -)# )&+(# $*)# "!.,# $'#
MS and BBB regulation remains largely unknown. Therefore, in chapter 4 we 
studied ceramide expression and cellular distribution of key enzymes involved in 
)5($'<!.$5$6#%,*-:!.$)%#$'#TK#.,)$!')7#X'#-66$*$!'0#4,#-)),)),6#4(,*(,"# SdaRLJ#
$)#-#5!*,'*#)5($'<!%/,.$'#+/+.,#%!6&.-*!"#&'6,"#$'9-%%-*!"/#+!'6$*$!')7#?,"-%$6,#
analysis on brain tissue comprising non-neurological control tissue, NAWM tissue, 
and active MS lesion tissue showed a strong reduction in total ceramide levels in 
active MS lesion homogenates compared to non-neurological controls. Interestingly, 
O&-'*$*-*$;,#-'-./)$)#!W#)5,+$Y+#+,"-%$6,#)&:)5,+$,)#)(!4,6#-'#$'+",-),6#"-*$!#!W#
?MlVMh#+,"-%$6,#*!#?R=#+,"-%$6,7#C)*"!+/*,)#$'#-+*$;,#TK#.,)$!')#4,",#6,*,"%$',6#
to be the cellular source of these ceramide species. Observed increase in astrocytic 
ceramide was substantiated by the expression pattern of enzymes involved in 
sphingolipid metabolism, which was found to favor ceramide production in astrocytes 
$'# -+*$;,#TK# .,)$!')7# SdaRLJ#4-)#-:.,# *!# 6!4'5.-/# *(,# $'9-%%-*!"/# )*-*&)#!W#
astrocytes by reducing ceramide levels in these astrocytes. Subsequently, in context 
of BBB functioning, this translated in reduced monocyte migration through endothelial 
cell monolayers exposed to supernatants of the treated astrocytes, demonstrating 
-#'!;,.#-'*$2$'9-%%-*!"/#%,+(-'$)%#!W#*(,#+!%5!&'6#*("!&<(#$'*,";,'*$!'#$'#*(,#
sphingomyelin cycle in astrocytes.
Recently, it was shown in MS brain tissue and in two demyelinating animal 
models, the EAE model as a T-cell dependent disease model and the cuprizone model 
as a T-cell independent disease model, that reactive astrocytes around or in active 
demyelinated lesions indeed accumulate ceramide species42. Moreover, a study 
using neonatal rat hippocampal and differentiated oligodendrocytes demonstrated 
*(-*#,^!<,'!&)#KMJ#4-)#"-5$6./#%,*-:!.$A,6# $'*!#?MlVMh#+,"-%$6,7# X'# *($)#)-%,#
study they also demonstrated reduced total ceramide and S1P levels in MS brain 
-'6#$'#TK#.,)$!')##+!%5-",6#*!#+!'*"!.#*$))&,7#\!4,;,"0#*(,/#6$6#Y'6#-'#$'+",-),6#
?MlV?Mh2#*!#?R=2+,"-%$6,#"-*$!#$'#*(,),#)-%5.,)#+!%5-",6#*!#+!'*"!.#*$))&,43. Our 
ceramide data in MS lesions are precisely in concordance with these data and we 
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know that astrocytes rapidly metabolize exogenous S1P into ceramide as well (data 
not shown). However, we determined that in active MS lesions astrocytes are the 
+,..&.-"# )!&"+,# W!"# *(,# !:),";,6# $'+",-),# $'# )5,+$Y+# +,"-%$6,# )&:)5,+$,)7# `,"/#
$'*,",)*$'<# $)# *(,#Y'6$'<#!W# ",6&+,6#KMJ# .,;,.)# $'#TK# .,)$!')#:/# *(,#)-%,#)*&6/7#
X*# $)# *,%5*$'<# *!#)5,+&.-*,# *(-*# .!+-.#KMJ# $'#TK#:"-$'# $)#%,*-:!.$A,6# $'*!#)5,+$Y+#
ceramide subspecies and other sphingolipids by for example astrocytes. However, 
direct evidence to substantiate this speculation is lacking and therefore it remains 
&'H'!4'#4(,*(,"# SdaRLJ#$'# *(,#?[K#-+*)#-)#+!%5,')-*!"# W!"#6$%$'$)(,6# .!+-.#
S1P levels. 
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ECs express different S1P receptors and in studies, endothelial expression of S1P
1
, 
S1P
2
, and S1P
3
 are described most often. In endothelial cells, many downstream 
effects of S1P receptor signaling are described comprising effects such as 
cytoskeletal changes, proliferation, migration, and survival. Permeability of EC 
monolayers is also studied extensively with regard to S1P signaling and generally 
studies demonstrate barrier enhancing effects upon S1P exposure44,45. Moreover, 
-*# .,-)*#!',#)*&6/#6,%!')*"-*,)#-#:,',Y+$-.#,WW,+*#!W#KMJ#)$<'-.$'<#!'#%!'!+/*,#
-6(,)$!'#*!#,'6!*(,.$-.#+,..)#&'6,"#$'9-%%-*!"/#+!'6$*$!')46. Since most effects of 
S1P signaling are attributed to all S1P receptors but S1P
5
 and due to expression of 
S1P
5
 on brain endothelial cells, we assessed the role of S1P
5
 in BBB maintenance 
in chapter 5. Two S1P
5
#-<!'$)*)0# SdaRLJ#-'6#-#),.,+*$;,#KMJ
5
 agonist, proved to 
positively regulate transendothelial resistance and permeability in a brain endothelial 
cell line. As a consequence monocyte migration across endothelial cell monolayers 
,^5!),6#*!# SdaRLJ#-'6#*(,#),.,+*$;,#KMJ
5
 agonist is reduced even under basal 
cell culture conditions. S1P
5
 knockdown in this brain endothelial cell line resulted in 
negative regulation of both transendothelial resistance and endothelial permeability. 
S($)#Y'6$'<#4-)#)&:)*-'*$-*,6#:/# ",6&+,6#,^5",))$!'# .,;,.)#!W# *$<(*# t&'+*$!'#-'6#
adherent junction associated proteins like claudin-5 and VE-cadherin. In addition 
S1P
5
 knockdown cells demonstrated reduced expression levels of BBB associated 
*"-')5!"*,"#5"!*,$')#)&+(#-)#J<50#G_bS2M0#-'6#8?ZJ2M7#S(,),#Y'6$'<)#)&<<,)*#-'#
essential role of S1P
5
 signaling in brain endothelial cells regarding barrier integrity. 
Interestingly, S1P
5 
knockdown in brain endothelial cells also resulted in an increased 
,^5",))$!'# $'# %Z[C# .,;,.)# !W# 5"!2$'9-%%-*!"/# +/*!H$',)# -'6# +(,%!H$',)# )&+(#
-)D#T?J2M0# X_2h0# X_2Mu0# -'6#S[ 2v7# X'# -66$*$!'# *(,),# ,'6!*(,.$-.# +,..)# $'+",-),6#
both mRNA expression and protein expression levels of ICAM-1 and VCAM-
M7#  &'+*$!'-../0# *(,),# Y'6$'<)# *"-').-*,# $'*!# $'+",-),6# %!'!+/*,# -6(,)$!'# -'6#
%$<"-*$!'#*!#-'6#*("!&<(#,'6!*(,.$-.#+,..#%!'!.-/,")7#S($)#$'9-%%-*!"/#5(,'!*/5,#
of S1P
5
#H'!+H6!4'#:"-$'#,'6!*(,.$-.#+,..)# $)#5-"*./#%,6$-*,6#:/#[ 2m8#-+*$;-*$!'7#
Together, these results imply an important role for S1P
5
 signaling for proper brain 
endothelial barrier function and immune quiescence.
 Literature about S1P
5
 is scarce but most literature that is available is 
related to expression of S1P
5
 in the CNS.  Before going into more detail in S1P
5
 
studies concerning the CNS, an interesting study by Niedernberg et al. describes 
regulated and constitutive activation of S1P
5
 induced pathways. In this study they 
demonstrate an reducing effect of S1P
5
 expression on basal cAMP leves in S1P
5
 
stable transfected HEK239 cells that was independent of the presence S1P47. In 
addition it was demonstrated in CHO-K1 cells that S1P
5
 inhibits basal ERK activity 
constitutive and is not sensitive to S1P. Functionally,  they demonstrated that 
S1P
5
 mediates cell rounding which is sensitive to S1P but does not require S1P47. 
Although these experiments are performed in different cell systems compared to our 
study and involve introduction of the S1P
5
 receptor in these cell systems, they may 
provide clues about which intracellular signaling molecules are involved in ligand 
dependent and ligand independent S1P
5
 signaling. In addition, in our study we most 
E N D O T H E L I A L  S 1 P
5
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likely interfere with both ligand dependent and ligand independent S1P
5
 signaling 
5-*(4-/)#$'#!&"#H'!+H6!4'#)/)*,%7#\!4,;,"0#$'#*(,#Y")*#5-"*#!W#!&"#)*&6/#4,#!'./#
*"$<<,"# *(,# .$<-'6#6,5,'6,'*# )$<'-.$'<#5-*(4-/)#4$*(# SdaRLJ#-'6# *(,# ),.,+*$;,#
S1P
5
 agonist. This difference in involved pathways possibly explains the much 
broader range in consequent effects upon S1P
5
 knockdown compared to exposure 
to S1P
5
 ligands.
Most studies concerning S1P
5
 describe S1P
5
 expression and signaling in 
oligodendrocytes or oligodendrocyte precursor cells48-51. In pre-oligodendrocytes 
S1P signaling results in membrane retraction via S1P
3
 or S1P
5
 possibly through 
Rho GTPase-dependent signaling. In addition, S1P is a survival factor for mature 
oligodendrocytes acting through S1P
5
 and downstream Akt dependent pathways52. 
X'#+!'+!"6-'+,#4$*(#*(,#KMJ#6-*-0#,^5!)&",#!W#%-*&",#!.$<!6,'6"!+/*,)#*!# SdaRLJ#
resulted in modulation of the cytoskeleton and promoted survival (Miron, Hall, 2008). 
 $'-../0# $*#(-)#:,,'#)(!4'#*(-*# SdaRLJ#,'(-'+,)#",%/,.$'-*$!'#$'#6,%/,.$'-*,6#
slice cultures through  S1P
3
V# KMJ
5
 signalling53. All of the results mentioned here 
-'6# !&"# Y'6$'<# !W# KMJ
5
 signaling in endothelial cells, are very interesting since 
these results may describe a neuroprotective effect of Fingolimod in the CNS during 
pathology.
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An impaired BBB is an early hallmark of MS lesion formation. Therefore, 
comprehension of involved molecular mechanisms in BBB regulation during health 
-'6# 6$),-),# %-/# +!'*"$:&*,# *!# $6,'*$Y+-*$!'# !W# ',4# !"# %!",# )5,+$Y+# *-"<,*)# W!"#
treatment of MS. In this thesis we demonstrate both novel endothelial and astrocytic 
molecular mechanisms involved in BBB regulation (Figure 1). Concerning endothelial 
cells we show involvement of CD9 and CD81 in transendothelial migration of 
monocytes. Additionally, CD9 but not CD81 signaling is directly involved in BBB 
integrity by increasing barrier function of the endothelial cells upon anti-CD9 antibody 
exposure. Currently, antibody therapies for pathologies such as Crohn’s disease, 
Z(,&%-*!$6#C"*("$*$)0#-'6#?!.$*$)#b.+,"!)-#6,%!')*"-*,#<",-*#,WY+-+/7#?!'+,"'$'<#
treatment of MS, natalizumab (Tysabri) is an antibody therapy used in the clinic 
that shows a reduction in new Gd-enhanced lesions and fewer relapses in patients 
with relapsing MS54. However, natalizumab treatment is associated with progressive 
multifocal leukoencephalopathy (PML) which is an opportunistic viral infection of the 
CNS557#C# ",+,'*#)*&6/#O&-'*$Y,6# *(,#"$)H#!W#JT_#-%!'<#TK#5-*$,'*)# *",-*,6#4$*(#
natalizumab and demonstrated 2.1 cases of PML per 1000 treated patients56. Since 
%!"*-.$*/#!W#JT_#4$*($'#*(,#Y")*#/,-"#.$,)#:,*4,,'#hLN#-'6#]LN#!*(,"#*-"<,*)0#)&+(#
as molecules like CD9, for treatment of MS must be explored57. In addition, in this 
thesis we show that endothelial S1P
5
 signaling is of great importance in maintaining 
proper endothelial cell barrier characteristics and maintaining immunoquiescence. 
UWY+-+/#!W# *(,#KMJ#",+,5*!"#%!6&.-*!"# SdaRLJ# $)#6,%!')*"-*,6# $'# *",-*%,'*#!W#
RRMS587#\!4,;,"0# SdaRLJ#6,%!')*"-*,)#-WY'$*/#*!#=#!W#*(,#1#KMJ#",+,5*!")#-'6#
since these receptors demonstrate dispersed cellular expression, a broad range of 
+,..&.-"#)$<'-.$'<#,;,'*)#$)#,.$+$*,6#&5!'#,^5!)&",#*!# SdaRLJ7#S($)#%-/#-++!&'*#W!"#
observed serious adverse events (SAEs) such as bradycardia and hypertension in 
TK#5-*$,'*)#*",-*,6#4$*(# SdaRLJ7#T!",!;,"0#,^5!)&",#*!# SdaRLJ#W!"#-#.!'<#5,"$!6#
may induce additional SAE yet to be observed. Therefore, modulating individual S1P 
receptors is gaining interest and as demonstrated in this thesis selective targeting of 
S1P
5
 may be of special interest in treatment of MS.
 Concerning novel astrocytic molecular mechanisms involved in BBB 
",<&.-*$!'#4,#Y")*#6,%!')*"-*,#*(-*#-)*"!+/*,)#-",#-#*-"<,*# W!"# SdaRLJ#$'#-+*$;,#
-'6# $'-+*$;,# TK# .,)$!')7# U^5!)&",# !W# *(,),# -)*"!+/*,)# *!#  SdaRLJ# ",)&.*)# $'# -#
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Figure 1. The BBB during health, disease and upon intervention.
During health endothelial cells express tetraspanins such as CD9 and CD81 and GPCR’s such as S1P
5
. 
Signaling of S1P through S1P
5
 during health remains endothelial cells quiescent resulting in appropriate 
BBB functioning.  In addition, astrocytes express mainly two S1P receptors namely S1P
1
 and S1P
3
. During 
$'9-%%-*$!'0#)$<'-.$'<#$'#,'6!*(,.$-.#+,..)#*("!&<(#KMJ
5
#%-/#6,+",-),#",)&.*$'<#$'#-#5"!2$'9-%%-*!"/#
5(,'!*/5,# !W# *(,# ,'6!*(,.$-.# +,..)0# 5-"*./# *("!&<(# -+*$;-*$!'# !W# [ m80# # -'6# 6$%$'$)(,6# ,^5",))$!'# !W#
proteins necessary for proper BBB functioning. Moreover, endothelial CD9 and CD81 are involved in 
migration of monocytes through the BBB. Astrocytes strongly increase expression of S1P
1
 and S1P
3
 
however, it remains to be elucidated whether there is increased or decreased signaling through these 
",+,5*!")#6&"$'<#$'9-%%-*$!'7#b5!'#$'9-%%-*$!'0#-)*"!+/*,)#$'+",-),#5"!6&+*$!'#!W#+,"-%$6,0#-#5!*,'*#
$'9-%%-*!"/#-<,'*0#6&,#*!#-'#-.*,",6#)5($'<!%/,.$'#+/+.,7#S-"<,*$'<#*(,#KMJ#",+,5*!")#!W#*(,#,'6!*(,.$-.#
+,..)#-'6#-)*"!+/*,)#4$*(# SdaRLJ#,.$+$*)#-'#-'*$2$'9-%%-*!"/#",)5!'),# $'#:!*(#+,..# */5,)7# X'#-66$*$!'#
targeting CD9 results in reduced monoctye migration.
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",6&+,6#5"!$'9-%%-*!"/#5(,'!*/5,#-)#%,-)&",6#:/#T?J2M#),+",*$!'#)&<<,)*$'<#
*(-*#-)*"!+/*,)#5",),'*#-#'!;,.#*-"<,*#W!"# SdaRLJ#$'#*",-*%,'*#!W#TK7#X'#-66$*$!'0#
we demonstrate a shift in the sphingomyelin cycle in astrocytes present in active 
TK# .,)$!')# W-;!"$'<# -# 5"!$'9-%%-*!"/# 5(,'!*/5,# *("!&<(# $'+",-),6# +,"-%$6,#
W!"%-*$!'#)&:),O&,'*./#+!'*"$:&*$'<#*!#888#6/)W&'+*$!'7# SdaRLJ#.$%$*)#+,"-%$6,2
induced BBB dysfunction by intervening in the sphingomyelin cycle favoring a less 
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status of reactive astrocytes is maintained through this altered sphingomyelin 
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 and S1P
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phenotype and thereby dampening MCP-1 secretion. Lymphocyte egress from lymph 
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in treatment of RRMS. However, we and other groups demonstrate S1P receptor 
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and neurons all express several S1P receptor species and some of the downstream 
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which S1P receptor species is responsible for a certain downstream signaling effect 
4$*($'#-#)5,+$Y+#+,..#*/5,#!W#*(,#?[K#-'6#(!4#*($)#,WW,+*#*"-').-*,)#*!#',$<(:!"$'<#
cells within the CNS.
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Multiple sclerosis (MS) is een chronische ontstekingsaandoening van het centraal 
zenuwstelsel (CZS) wat zowel het brein als ruggenmerg omvat. Op beide locaties 
kunnen ontstekingen ontstaan waardoor schade wordt veroorzaakt aan zenuwen. 
In een gezonde situatie zit er een isolerend laagje, myeline,  om de zenuwen 
4--"6!!"#6,A,#,WY+${'*#)$<'-.,'#6!!"#H&'','#<,;,'#--'#!'6,"#-'6,",#A,'&4,'#6$,#
bijvoorbeeld spieren aansturen. Door de ontstekingen wordt de myeline afgebroken 
4--"6!!"# 6,# A,'&4,'# ;,,.# %$'6,"# ,WY+${'*# )$<'-.,'# 6!!"# H&'','# <,;,'7# @$*#
verschijnsel resulteert in de verschillende symptomen, zoals krachtverlies en 
krampachtige bewegingen, waardoor MS gekenmerkt wordt. Het is nog onduidelijk 
waardoor MS ontstaat maar een van de meest aangehangen hypothese is dat MS 
,,'#-&*!2$%%&&'#--'6!,'$'<# $)#4--":$t#)5,+$Y,H,#4$**,#:.!,6#+,..,'#<,'--%6#S#
+,..,'0#!'6,"6,,.#;-'#(,*#$%%&&')/)*,,%0#,,'#!'*)*,H$'<)",-+*$,#$'$*${",'#*,<,'#(,*#
myeline waarna andere witte bloedcellen zoals macrofagen en cellen van het brein 
deelnemen aan het onstekingsproces. Wereldwijd zijn ongeveer twee miljoen MS 
5-*${'*,'#4--":$t#*4,,#H,,"#A!;,,.#;"!&4,'#TK#(,::,'#;,"<,.,H,'#%,*#%-'','7#
De gemiddelde leeftijd waarop MS symptomen beginnen ligt tussen de 25 en 32 
jaar waardoor MS een van de meest voorkomende oorzaak is van neurologische 
aandoeningen en invaliditeit onder jong volwassenen.
 Het CZS is een delicate omgeving waar in een normale situatie geen plaats 
is of beperkt plaats is voor bepaalde actieve stoffen en cellen, zoals witte bloed 
cellen, die wel in de rest van het lichaam veel mogen voorkomen. Hiernaast zijn 
er juist ook stoffen die essentieel zijn voor normaal functioneren van het CZS en 
die daarom in het CZS moeten blijven. De constructie die dit reguleert noemt men 
6,# :.!,62(,"),'# :-""$|",# B8\8ID# 6,A,# :.!,6;-*,'# $'# (,*# ?gK# :,;-**,'# -'6,",#
,$<,')+(-55,'# 6-'# 6,# :.!,6;-*,'# ,.6,")# $'# (,*# .$+(--%#4--"6!!"# ,,'# )5,+$Y,H#
milieu in CZS mogelijk gemaakt wordt. De BHB bestaat uit verschillende onderdelen 
en soorten cellen waarvan de endotheel cellen bijzonder zijn aangezien ze anders 
zijn dan de endotheel cellen uit bloedvaten elders in het lichaam. Endotheel cellen 
zijn langwerpige cellen die de binnenkant van een bloedvat bekleden, zij staan 
direct in contact met het langsstromende bloed. De endotheel cellen van de BHB 
brengen dezelfde eiwitten meer tot expressie en brengen extra eiwitten tot expressie 
vergeleken met endotheel cellen uit bloedvaten elders in het lichaam. Een voorbeeld 
($,";-'# A$t'# *$<(*# t&'+*$!'# BSnI# ,$4$**,'D# 6$*# A$t'# ,$4$**,'# !5# ,'6!*(,,.# +,..,'# 6$,#
ervoor zorgen dat naast elkaar liggende cellen elkaar heel strak kunnen vasthouden 
doordat de eiwitten op de naast elkaar liggende endotheel cellen met elkaar binden. 
Hierdoor wordt het moeilijker voor stoffen en cellen in het bloed om door de endotheel 
cellen heen het brein in te gaan. Het volgende belangrijke celtype wat tot de BHB 
:,(!!"*#$)#6,#-)*"!+/*D#6$*#$)#,,'#(,"),'+,.#%,*#&$*.!5,")#4--"--'#,$'6;!,*t,)#A$**,'7#
Deze eindvoetjes liggen dicht tegen het endotheel aan en scheiden in een gezonde 
situatie stoffen uit waar de endotheel cellen op reageren door extra dicht en strak 
tegen elkaar aan te liggen o.a. door verhoogde expressie van de eerder genoemde 
TJ eiwitten. Andere onderdelen van de BHB zijn de cellen genaamd pericyten en 
een netwerk van eiwitten genaamd extracellulaire matrix.
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van het CZS zich in een ontstekingsstatus waarbij o.a. de BHB niet meer goed 
functioneert. Tijdens deze ontstekingsstatus verkeren ook de cellen van de BHB 
zoals de endotheel cellen en de astrocyten in een ontstekingstoestand. Zowel de 
endotheel cellen als de astrocyten brengen ontsteking stoffen tot expressie waardoor 
ze bijdragen aan het doorlaten van ontstekingscellen vanuit het bloed het brein in. Een 
zeer belangrijke rol in dit proces is weggelegd voor de endotheelcellen van de BHB. 
De endotheel cellen worden onder invloed van ontsteking plakkerig door expressie 
van bepaalde eiwitten op het oppervlak. Hiernaast verliezen ze expressie van TJ 
eiwitten waardoor naast elkaar liggende endotheel cellen niet meer zo vast tegen 
elkaar aan liggen. Witte bloedcellen zoals T-cellen blijven aan de plak-eiwitten van 
de endotheelcellen plakken en kunnen vervolgens makkelijker door het endotheel 
heen het brein in migreren waar ze schade aanrichten. Belangrijk hierbij om te weten 
is dat dit een normaal proces is om eventuele infecties in het brein aan te pakken. In 
het geval van MS gaat het echter niet om een reactie tegen een eventuele bacterie 
maar om een reactie tegen een lichaamseigen product, het myeline.
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Het doel van dit proefschrift is om betrokkenheid van nieuwe moleculaire 
mechanismen bij de regulatie van de BHB tijdens een gezonde status en tijdens 
ziekte te bepalen met als doel in te grijpen op deze mechanismen teneinde het 
ziekteproces te remmen. Tetraspanines zijn moleculen waarvan aangetoond is dat 
ze betrokken zijn bij het migratie proces van witte bloedcellen. In hoofdstuk 2 van 
dit proefschrift laten we zien dat de tetraspanines CD9 en CD81 tot expressie komen 
in het brein. CD9 en CD81 komen tot expressie op de vaten in het brein terwijl beide 
moleculen ook in het parenchym tot expressie komen. In vitro laten we zien dat 
een hersenendotheel cellijn en astrocyten ook allebei de tetraspanines tot expressie 
brengen. Onder ontsteking omstandigheden wordt de expressie van CD9, maar 
niet van CD81, verhoogd door de endotheel cellen maar niet door de astrocyten. 
Functioneel gezien hebben we aangetoond dat endotheliaal CD9 en CD81 betrokken 
zijn bij migratie van monocyten, witte bloedcellen, door de endotheel cellen heen. 
Tot slot hebben we aangetoond dat het blokkeren van CD9, en niet van CD81, met 
antilichamen resulteert in een verbeterde barrière functie van de endotheel cellen.
# X'# *!,;!,<$'<# *!*# 6,# *,*"-)5-'$',)0# (,::,'# 4,# ,,'# )5,+$Y,H,# H.-)),#
receptoren, de sphingosine-1 fosfaat (S1F) receptoren, en het effect van moleculen 
welke hieraan binden bestudeerd in hoofdstukken 3, 4 en 5. In hoofdstuk 3 hebben 
we eerst S1F receptoren 1 (S1F
1
) en 3 (S1F
3
) bestudeerd waarbij we hebben 
onderzocht welke cellen in het brein deze receptoren tot expressie brengen en wat er 
%,*#6,#,^5",))$,#;-'#6,A,#",+,5*!",'#<,:,&"*#$'#(,*#:",$'#;-'#TK#5-*${'*,'7#KM 
1
 
en S1F
3
 werden tot expressie gebracht door astrocyten in controle hersenweefsel. 
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beide receptoren in astrocyten in zowel actieve als inactieve MS laesies. Vervolgens 
hebben we in vitro bestudeerd of we dit konden imiteren waarbij menselijke astrocyten 
in celkweek werden gestimuleerd met het ontstekingsbevorderend stofje tumor 
',+"!),#W-+*!"2v#BS[ 2vI7#i,#.-*,'#A$,'#6-*#!'6,"#6,A,#!'*)*,H$'<)!%)*-'6$<(,6,'#
expressie in astrocyten van beide SIF receptoren inderdaad omhoog gaat. Tevens 
tonen wij aan dat deze astrocyten reageren op het medicijn Gilenya wat een SIF 
receptor modulator is. Onder invloed van dit medicijn worden astrocyten die met 
S[ 2v# <,)*$%&.,,"6# A$t'# %$'6,"# $'9-%%-*!$"7# @$*# :,*,H,'*# 6-*# 4$t# --'*!','# 6-*#
astrocyten in het brein en met name tijdens MS een doel zijn voor het medicijn 
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 Vervolgens tonen we in hoofdstuk 4 meer effecten aan van het medicijn 
Gilenya op astrocyten. In dit hoofdstuk tonen we aan dat er in hersenweefsel van 
TK#5-*${'*,'#4--"#,,'#!'*)*,H$'<#A$*#,,'#;,")*!!"6,#:-.-')#$)#$'#,,'#:,5--.6#)!!"*#
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waar geen ontsteking zit en met hersenweefsel van personen zonder MS. We hebben 
ontdekt dat een van deze vetsoorten genaamd de ceramides minder tot expressie 
komen in actieve MS laesies en dat de verhouding van de verschillende ceramides 
verstoord is. Ceramides zijn een soort sphingolipiden die geassocieerd zijn met 
ontsteking. Door nader onderzoek hebben we aangetoond dat het de astrocyten in 
actieve MS laesies zijn die een van deze ceramides, C16 ceramide, verhoogd tot 
P R O M O T I E O N D E R Z O E K
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expressie brengen ondanks de algemene afname van de totale ceramides in actieve 
MS laesies. Door astrocyten onder ontstekingsomstandigheden te behandelen met 
Gilenya zien we dat de astrocyten weer minder ceramide tot expressie brengen. 
Functioneel vertaalt zich dat in minder migratie van monocyten door endotheel cellen 
heen als de endotheel cellen worden blootgesteld aan kweekvloeistoffen afkomstig 
van deze behandelde astrocyten..
 Tot slot bestuderen we in hoofdstuk 5 de functie van een van de andere 
S1F receptoren in endotheel cellen, het betreft hier S1F
5
. We maken gebruik van 
twee S1F
5
 modulatoren waaronder Gilenya en een selectieve S1F
5
 modulator. Door 
een hersenendotheel cellijn tijdens de celkweek te behandelen met Gilenya en 
de selectieve S1F
5
 modulator wordt een betere barrièrefunctie van het endotheel 
bewerkstelligd. Als gevolg hiervan zien we verminderde monocyt migratie door de 
behandelde endotheelcellen heen. Vervolgens hebben we expressie van de S1F
5
 
receptor verlaagd door deze genetisch te onderdrukken. De barrière functie van deze 
endotheel cellen ging hierdoor achteruit, wat verklaard kon worden door verlaagde 
expressie van tight junction (TJ) eiwitten. Hiernaast ging de expressie van andere 
belangrijke eiwitten, zoals transport eiwitten, omlaag. Interessant genoeg werd door 
het verlagen van de expressie van S1F
5
 in de endotheel cellijn de expressie van 
!'*)*,H$'<),$4$**,'# BT?J2M0# X_2h0# X_2Mu0# S[ 2v0# X?CT2M# ,'# `?CT2MI# ;,"(!!<67#
Functioneel vertaalde deze bevindingen zich in verhoogde adhesie van monocyten 
aan het endotheel en verhoogde migratie van monocyten door het endotheel heen. 
Deze ontstekingsstatus van het endotheel, ontstaan door het verlagen van de S1F
5
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bekend is dat deze een centrale rol speelt in ontstekingsprocessen.
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Samengevat hebben we in dit proefschrift aangetoond dat moleculaire mechanismen 
in zowel endotheelcellen als in astrocyten betrokken zijn bij het in stand houden 
van de bloed-hersen barrière eigenschappen, maar ook bij het in stand houden 
van een ontstekingsstatus van de bloed-hersen barrière. We hebben laten zien 
dat tetraspanines zoals CD9 op endotheelcellen in staat zijn om migratie van 
ontstekingscellen te ondersteunen en dat er een belangrijke rol is weggelegd 
voor sphingolipiden en de sphingolipid receptoren, in zowel endotheel cellen als 
in astrocyten. In MS laesies werd een verstoorde sphingolipide balans gevonden, 
maar we hebben aangetoond dat in het brein zowel endotheel cellen als astrocyten 
positief kunnen reageren op S1F receptor modulatoren. Dit hebben wij gedaan 
door in celkweek aan te tonen dat een opgewekte ontstekingsstatus in deze cellen 
werd verlaagd door deze receptoren als target te gebruiken. Daarnaast is het 
belang aangetoond van S1F
5
 in het in stand houden van een gezond fenotype van 
hersenendotheelcellen. Verlies van signalering door deze receptor resulteert in een 
reversibele verhoogde ontstekingsstatus van het endotheel. Concluderend kunnen 
we zeggen dat in de toekomst meer selectieve moleculen ontwikkeld en gebruikt 
kunnen worden om progressie van MS pathologie te voorkomen en daarbij zo min 
mogelijk bijwerkingen te induceren.
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D A N K W O O R D
Ja hoor beste mensen, de koek is bijna op! Maar voordat de koek echt op is wil ik 
een aantal mensen bedanken voor hun bijdrage aan dit boekje. Deze bijdrage is 
uiteraard niet altijd van wetenschappelijke aard geweest, sterker nog deze bijdrage 
is bij een overgroot deel van de personen van sociale aard geweest. Deze sociale 
bijdrage doet niet onder aan de wetenschappelijke bijdrage want in mijn geval is dit 
sociale aspect van groot belang geweest bij het afronden van dit proefschrift.
 Poe poe Elga, wat moet het pittig voor jou zijn geweest. Zelf was ik overtuigd 
van het feit dat ik mijn proefschrift zou afronden maar ik kan mij voorstellen dat dit 
vanuit jouw perspectief niet altijd even duidelijk is geweest vanaf het moment dat 
mijn nieuwe carrière van start ging. Mogelijk heeft de geassocieerde spanning ertoe 
<,.,$6#6-*#t,#,^*"-#:.$t#:,'*#6-*#(,*#6-'#*!+(#<--*#<,:,&",'0#$H#(!!5#(,*#D2I}#XH#H-'#
mij het moment nog goed herinneren dat ik geïnteresseerd raakte in het onderzoek 
naar multiple sclerose. Jij gaf tijdens het laatste jaar van mijn master een college 
waarin je onder andere data vanuit jouw groep presenteerde, ik was direct verkocht. 
Na het college sprak ik je aan wat resulteerde in een stage bij jou in de groep. De 
sfeer en de wetenschappelijke vrijheid in jouw groep spraken mij dusdanig aan dat 
ik graag als AIO in jouw groep aan de slag wilde gaan. Elga, hartelijk bedankt voor 
je begeleiding tijdens mijn jaren als AIO maar vooral ook voor je begeleiding in de 
periode na deze 4 jaren. Ik ben van mening dat het uiteindelijk een fraai boekje 
is geworden! Ik wens je heel veel succes toe met je verdere carrière binnen de 
wetenschap. 
 Van de ene promotor naar de andere promotor, Christien. Alleen in de 
eerste jaren hebben we werkbesprekingen gedeeld en in de afrondende fase van 
mijn AIO traject zijn we elkaar weer tegengekomen. Uiteraard hartelijk bedankt voor je 
kritische noot tijdens deze besprekingen en voor je commentaar op de verschillende 
hoofdstukken in dit proefschrift. Beste leden van de manuscriptcommissie, hartelijk 
bedankt voor het beoordelen van mijn proefschrift en voor de bereidwilligheid om 
met mij van gedachten te wisselen over de inhoud van de diverse hoofdstukken in 
mijn proefschrift. Tot de 16e van september!
 Dan nu, het clubje waar ik heel veel aan heb te danken. Ik noem het voor 
het gemak even de ‘oude club Elga’. Arie, onwijs bedankt voor je begeleiding tijdens 
mijn stage binnen de groep. Al die functies op de confocal microscoop en dan ook 
nog eens verschillende posities in de tijd op de gevoelig plaat vastleggen. Ik dacht 
dat het onmogelijk was maar dankzij jouw geduld en tijd zijn er mooie plaatjes 
geschoten. Ook tijdens mijn AIO traject ben je een grote steun geweest, jouw kennis 
van diverse technieken op het lab heeft veel bijgedragen aan de inhoud van mijn 
boekje evenals jouw tekstuele en wetenschappelijke input op de verschillende 
hoofdstukken. Gijsjuhhh, wat hebben wij een hoop afgelachen… Ik zal mevrouw 
Dr. A. Nusrat nooit meer vergeten! Sterker nog, ik heb het af en toe nog steeds over 
6-*#%!%,'*#~7#U"#A$t'#;,,.#;-'#6-*#)!!"*#%!!$,#%!%,'*,'#<,4,,)*#A!4,.#!5#(,*#
lab als buiten het lab en daarom heb ik je ook graag op het podium als paranimf. Na 
deze mijlpaal zullen we elkaar ongetwijfeld blijven zien. Uiteraard bedankt voor je 
begeleiding tijdens mijn stage op de afdeling maar zeker ook tijdens mijn AIO traject. 
Net als van Arie is jouw input van grote waarde geweest voor mijn uiteindelijke boekje, 
152
Chapter 7
thanks!! Jackie, als kleur en kenniskoning van de coupes ben jij van zeer grote 
waarde geweest voor de inhoud van de diverse hoofdstukken in dit proefschrift. De 
momenten achter de microscoop waren altijd zeer leerzaam, thanks voor je geduld 
en voor je efforts om jouw kennis met mij te delen. Buiten het lab is het een ander 
verhaal, ik heb nog nooit zo’n wereldvreemde man meegemaakt als jij. Elk jaar maar 
weer naar de paardenmarkt in Hedel willen gaan…. Je woont in Amsterdam, laat 
(,*#.!)#D2I7#@,)!'6-'H)#(,:#$H#t,#<"--<#-.)#5-"-'$%W#'--)*#%,#!5#(,*#5!6$&%#,'#$H#
hoop dat we elkaar ook na deze mijlpaal blijven zien! Suus, Kim, Bert en Joost 
jullie inbreng is van zeer grote waarde geweest voor dit boekje. Enorm bedankt voor 
alle experimenten die jullie hebben uitgevoerd, veel van de door jullie gegenereerde 
6-*-#A$t'#$'#6,#;,")+($..,'6,#Y<&",'#;-'#6$*#:!,Ht,#*,"&<#*,#;$'6,'7#\$,"'--)*#4-)#
de door jullie gegenereerde gezelligheid op het lab ook van grote waarde voor mijn 
werkplezier. Philip, thanks voor jouw dikke punten op de i m.b.t. het enzym stuk. 
Het is een fraai stuk geworden, veel succes met je verdere AIO traject. Melissa, 
%-'/#*(-'H)#W!"#/!&"#Y'$)($'<#*!&+(#!'#*(,#KMJ1##5-5,"7#X#4$)(#/!&#<!!6#.&+H#-'6#
success with your AIO project. Markje, wetenschappelijk gezien hebben we weinig 
samengewerkt maar jouw aanwezigheid in de groep heeft heel veel gezelligheid en 
gelach op zowel het lab als de vele feesten en borrels met zich mee gebracht. Geen 
gay pride meer zonder Markje! Succes met je laatste loodjes en uiteraard met je 
verdere carrière. Jamie, geen samenwerking maar wel een paar gedeelde borrels, 
heel veel succes met jouw AIO traject. Sipke, bedankt voor jouw inbreng, ook jouw 
data is van groot belang geweest voor mijn boekje. Mario, geen data inbreng vanuit 
jouw zijde maar jouw sociale inbreng binnen de groep was legendarisch. Rotterdam 
4-)#,,'#H.-)),#-5-"*# D2I7#Gerty, het is alweer lang geleden maar uiteraard ook jij 
bedankt voor je kritische noot en gezelligheid! Raoul, vanuit de bodem van mijn hart 
dank ik je voor jouw Shiseido crèmepje in Rotterdam! De baas vond dat we er goed 
uitzagen, pas toen ik Gijs op het betreffende congres binnen zag komen werd mij 
duidelijk hoe krachtig het crèmepje werkelijk was.
 Uiteraard is de wereld en de MCBI groter dan het hierboven beschreven clubje. 
De volgende personen wil ik graag van harte bedanken voor hun wetenschappelijk 
inbreng in dit proefschrift. Nick, hartelijk bedankt voor jouw wetenschappelijke 
inbreng in het enzym stuk. Jouw expertise en data hebben het stuk naar een hoger 
niveau gebracht. Ook bedankt voor je geduld als ik weer eens cellysaten kwam 
brengen die op zijn Rubens gecodeerd waren. Dennis, dank voor jouw expertise 
en data welke ons stuk in kracht hebben doen toenemen. Stephan en Astrid, dank 
voor jullie wetenschappelijke input het was goed sparren met jullie. Stephan, jouw 
enthousiasme voor de sphingolipiden werkte zeer aanstekelijk, thanks! Eric, ook jij 
bedankt voor je commentaar en wetenschappelijke inzichten m.b.t. de papers. Ik 
heb veel geleerd van jouw commentaar op de reacties van de reviewers. '#+M!"$)=, 
ook jij bedankt voor je commentaar en wetenschappelijke inzichten m.b.t. het S1P5 
stuk. Dirk, dank voor de samenwerking m.b.t. de constructen waardoor het S1P5 
 !"#$%&$ '()$*+'$,($-.&',$/ $-(#&0('1$2($3&4!$%+)$-&(,$-++'$ 0+#('5
 Bij deze wil ik twee personen bedanken die moeilijk in een van de andere 
groepen te plaatsen zijn. Ten eerste Nico, bedankt voor je hulp m.b.t. IT problemen. 
Zelfs een gecrashte harde schijf was door jou nog grotendeels te redden. 
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Ed, bedankt voor je geduld en vriendelijkheid die je hebt weten te behouden. We 
hebben ons op J296 nog wel eens wat ver laten meeslepen in de gezelligheid die 
er heerste.
 Dan zijn we nu aangekomen bij het stukje gezelligheid, zoals eerder gezegd 
een niet de onderschatten aspect in het tot stand komen van dit proefschrift. Ten 
((. !(6$,($3789$('$:+!;&)&-/($<&..()= !+:=>(( !$?)"<1$Jack, Gijs, Jasper, Mark, Miel, 
Marijn, Maarten, Evert, Philip, Raoul, Tanja, Gera, Anja, Manja, Eva, Rosalie, 
Henrieke, etc. Allemaal hartelijk bedankt voor de gezellige momenten op het lab 
en buiten het lab. Ik heb keer op keer dubbel gelegen van het lachen, ik heb me 
verwonderd, ik heb mezelf bezeerd en  ik heb genoten in jullie bijzijn. Tanja, bedankt 
voor je hulp bij mijn huwelijksaanzoek, je mag mij altijd inschakelen voor die van jou 
&&/!$@AB1$2+'$/ $(.$'&-$;(!$/' !/!""!$J296 ofwel de vrijstaat.  !"#!$%&'"!$!%&()*+!"%&
Raoul, Mark, Miel en Marijn…… ik heb genoten en mijn herinneringen aan deze 
kamer leven voort middels een permanent litteken op mijn hoofd. Waar is die liniaal 
eigenlijk gebleven? Eveneens legendarisch, de Ballburners! Jack, Gijs, Jasper, 
Raoul, Kees, Miel, Philip, Miel, Marijn, Evert, Mark (Maarten, pfff) wat begon als 
een onschuldig avondje bowlen bij Eddy is uitgegroeid tot een semiprofessionele 
gebeurtenis met niet een maar twee Ballburner teams en de Striking ladies. En wat 
een prijzenkast, her en der op de afdeling te vinden zijn de meedere 1ste, 2de, 3e, en 
4e prijzen… Helaas hebben enkele prijzen de reis van Amstelveen naar de VU niet 
overleefd, het is ook een barre tocht. Mannen, het begon klein en werd gaandeweg 
-.&!(.$('$-.&!(.1$9#$;(<$(('$C+"D$*(.0&(,('$,+!$;(!$(/',($'&-$'/(!$/'$%/?;!$/ $('$
zo zie ik het graag. Ik heb het uiteraard over de welbekende visavonturen. Jasper, 
Jack, Gijs en Evert wat hebben we gelachen en wat konden we af en toe wel janken, 
een en al emotie dat vissen. Wat een gemis voor die mensen die dat niet begrijpen 
@AB1$Jasper, thanks voor het layouten van mijn proefschrift en voor je planning. Ik 
denk net als Anja een onvoldoende voor het aanhouden van je planning? Ik zie een 
*(.<+',6$#/',(.('$@AB1
 En dan…. Zo’n onderbuik gevoel, een lege plek, ik vergeet toch niet iemand? 
Ineens kom je tot het besef…. Nanne! Vaak aanwezig maar niet opvallend en toch 
verdient hij hier een aparte sectie want uniek is hij zeker! Ik heb van je genoten en ik 
0/ $&'%($,/(:(6$)/<(.+)(6$)/'# ($-( :.(##('$@AB1
 Studiegroep, Jelle, Ron, Viola, Emilie en Vicky ook voor jullie geldt dat ik 
van jullie heb genoten, de cocktailavondjes, het bowlen, de Stelling en het Wii-en. 
Top! We spreken gauw weer een keer wat af.
 Harold en Henriette6$ <(,+'#!$ *&&.$ E"))/($ FE'($('$-&(,($<(-()(/,/'-1$G(!$
was even wennen van lab naar business maar ik voel mij uitstekend op mijn plaats. 
Ook de ‘oude’ core-teams (Jolieke, Rick, Lars, Jeanette), thanks!
 Verder wil ik graag al onze vrienden en familie bedanken voor alle 
gezellige en ontspannen momenten. In het bijzonder wil ik bedanken Frankie Smits 
en Martinus Wilhelmus Franciscus Maria Sweegers. Ook al zie ik jullie niet zo 
vaak, ik geniet van de momenten dat ik jullie zie! Beste schoonfamilie, Michel en 
,-.%&/0*12-%&/-#1-$&!$&3-"#-"-%&4-$15-&!$&61$7!$* ook jullie bedankt voor alle 
gezellige en ontspannen momenten!
& 8-29$&!$&:-#1$-, thanks voor de grote broer en zus die jullie zijn! In de tijd 
dat ik nog een verlegen jongetje was hebben jullie mij veel betrokken bij jullie leven. 
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Mede door jullie heb ik die verlegenheid achter me kunnen laten. Pa & Ma, dank 
voor de fantastische opvoeding die jullie mij hebben gegeven. Jullie hebben mij alle 
kansen van de wereld gegeven en een van de resultaten hiervan is dit proefschrift. 
Ik dank jullie voor de ruimte en de adviezen die jullie mij gegeven hebben en dat 
jullie mij hebben laten leren in mijn eigen tempo. Ik bewonder jullie kracht en ik 
heb veel zin in de tijd dat jullie weer in Nederland wonen. Ik hoop dat ik tijdens mijn 
lekenpraatje eindelijk duidelijk kan maken waar ik al die tijd nou aan heb gewerkt.
 Lieve Maysa, het leven is goed met jou. Elke dag weer geniet ik van jouw lach 
en nuchterheid. Je lach laat mij ontspannen en je nuchterheid relativeert me. Twee 
zaken die tijdens mijn promotietraject van groot belang zijn geweest. Ik bewonder 
jouw kracht: moeder van onze dochter, zwanger van onze zoon, vrouw van mij, in 
opleiding tot arts-microbioloog EN promoveren… petje af! Ik houd heel veel van je, 
D($0+#('$(.$(('$-.&&!$>(( !$*+'$H$I1$J+".('+6$D+!$<('$E/E$(('$!&>>($,&?;!(.5$3+0+$
en ik liggen vaak dubbel van het lachen en genieten volop van jou. Dikke x.
 De Koek is op!
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C U R R I C U L U M  V I T A E
Ruben Pieter van Doorn werd geboren op 8 januari 1978 te Dordrecht. Na het behalen 
van zijn MAVO diploma aan het Selsterhorst te Veldhoven in 1994 heeft hij in 1996 
zijn HAVO diploma aan het van Maerlant Lyceum te Eindhoven behaald. Vervolgens 
heeft hij van 1996 tot en met 1998 zowel High School als College gevolgd in North 
Carolina in de Verenigde Staten.
Bij terugkomst in Nederland, in 1998, is hij begonnen aan zijn bachelor studie 
Technische Microbiologie aan de Fontys Hogeschool te Eindhoven, welke hij in 2002 
heeft afgerond. Vervolgens heeft hij van 2002 tot en met 2004 als research analist 
gewerkt op de afdeling pathologie van het Academisch Ziekenhuis te Maastricht. 
Onder begeleiding van Dr. B.C. Faber heeft hij hier onderzoek verricht naar de non-
invasieve detectie van geruptureerde atherosclerotische laesies met behulp van 
 :(?/F(#($?/.?")(.(',($+'!/)/?;+0('1$$
In 2004 is hij gestart met zijn master opleiding Biomedische Wetenschappen 
aan de Vrije Universiteit te Amsterdam welke hij succesvol heeft afgerond in 2006. 
Tijdens de laatste stage van deze master opleiding heeft hij kennis gemaakt met 
het onderzoek naar multiple sclerose op de afdeling Moleculaire Celbiologie en 
Immunologie van het VU Medisch Centrum. Onder supervisie van prof. dr. H.E. de 
Vries, dr. A. Reijerkerk en dr. G. Kooij heeft hij gewerkt aan de opheldering van 
onderliggende moleculaire mechanismen welke betrokken zijn bij het effect van vrije 
zuurstof radicalen op tight junction eiwitten van hersen endotheelcellen. 
Na deze stage heeft hij van oktober 2006 tot en met februari 2011 onder 
leiding van promotoren prof. dr. C. D. Dijkstra en prof. dr. H.E. de Vries zijn 
promotieonderzoek verricht resulterend in dit proefschrift getiteld ‘Harmony of 
Citizens is the Wall of Cities: orchestrating the neurovascular unit’. 
K+'$0++.!$ LMNN$ !&!$0++.!$ LMNL$D+ $ ;/E$ D(.#%++0$ +) $3(,/?+)$ O?/('!/F?$
Liaison Bone & Pain binnen de medische afdeling van MSD B.V. te Haarlem. Vanaf 
maart 2012 tot op heden is hij bij dezelfde werkgever werkzaam als Medical Advisor 
Bone & Pain.
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